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Amplifier Noise Temperatures Below 5 K
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Abstract—We report precision measurements of the effective
input noise temperature of a cryogenic (liquid-helium temper-
ature) monolithic-microwave integrated-circuit amplifier at the
amplifier reference planes within the cryostat. A method is given
for characterizing and removing the effect of the transmission
lines between the amplifier reference planes and the input and
output connectors of the cryostat. In conjunction with careful
noise measurements, this method enables us to measure amplifier
noise temperatures below 5 K with an uncertainty of 0.3 K. The
particular amplifier that was measured exhibits a noise temper-
ature below 5.5 K from 1 to 11 GHz, attaining a minimum value
of 2.3 K+0.3 K at 7 GHz. This corresponds to a noise figure
of 0.034 dB+0.004 dB. The measured amplifier gain is between
33.4 dB+0.3 dB and 35.8 dB=£0.3 dB over the 1-12-GHz range.

Index Terms—Amplifier noise, cryogenic monolithic-microwave
integrated-circuit (MMIC) amplifier, noise measurement, noise
temperature, thermal noise.

1. INTRODUCTION

A. Background and Motivation

RYOGENIC low-noise amplifiers (LNAs) have been im-
C portant in radio astronomy for some time [1], [2], [3]. They
have been used as the first stage of receivers at microwave fre-
quencies and in IF sections following mixers at millimeter-wave
and sub-millimeter-wave frequencies. Recently, they have as-
sumed added importance as IF amplifiers in terahertz applica-
tions. The development over the past decade of near-quantum-
limited heterodyne detectors for terahertz frequencies, such as
hot electron bolometer (HEB) receivers [4], has made possible
very low noise receivers for a range of terahertz applications, in-
cluding imaging utilizing multipixel focal plane arrays (FPAs)
for biomedical and homeland security uses, and spectroscopy
instrumentation for biomedical applications and astrophysical
observations. In all these applications, whether in past or present
radio astronomy or in terahertz receivers for terrestrial applica-
tions, the noise performance of the LNA is crucial. The need
for ultra-low-noise (less than 15 K) amplifiers in these applica-
tions has driven the development of a new family of cryogenic
amplifiers. The use of InP high electron-mobility transistors
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Fig. 1.

Cryogenic InP HEMT LNA.

(HEMTs) and recent advances in modeling and fabrication tech-
nologies have resulted in monolithic-microwave integrated-cir-
cuit (MMIC) LNAs with remarkable noise performance (less
than 10 K) and low dc-power consumption [5]-[7]. Charac-
terization of the noise properties of these and other cryogenic
LNAs presents a significant measurement challenge in terms of
accounting for the small noise contributions from components
mismatches and losses. Current methods have typical uncertain-
ties of approximately 1 K or more [7]. This paper demonstrates
a method for accurate measurements of the very low noise tem-
peratures (below 5 K) that can be achieved by present cryo-
genic LNAs. The method is not quick, efficient, or easy; but it
does offer very small uncertainties. At frequencies for which the
“matched” loads have small reflection coefficients, the standard
uncertainty (1 o) in the amplifier’s noise temperature is £0.3 K.
The method uses measurements on the external room-temper-
ature ports of the cryostat to determine the gain between the
two cryostat ports. A series of separate measurements is used
to characterize the lines between the amplifier and cryostat’s
external ports. The amplifier’s noise temperature is then deter-
mined by measurements with an internal liquid-helium-temper-
ature matched load on the input of the amplifier.

B. Amplifier

The MMIC LNA chip under test was developed by Weinreb
and Wadefalk at the Jet Propulsion Laboratory (JPL), Cali-
fornia Institute of Technology, Pasadena. This amplifier has
three stages of InP transistors with 0.1-xm gate length, demon-
strated gain of approximately 10 dB per stage, and total noise
temperature expected to be less than 10 K throughout the
1-10-GHz band and relatively independent of bias settings [7],
[8]. Fig. 1 shows the MMIC chip (size 0.75 x 2 mm). The
three capacitors shown on top are the pads for dc bias of the
transistors. Both the input and output pads are wire (ribbon)
bonded to microstrip transmission lines placed at either end of
the circuit.

U.S. Government work not protected by U.S. copyright.
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Fig. 2. Cryogenic measurement setup for the MMIC LNA. The LNA is in the
center under the metal strap.

The MMIC LNA chip is mounted in an amplifier block with
input and output subminiature A (SMA) connectors. The am-
plifier block is mounted on the cold plate with indium sheets to
optimize the thermal contact. The cold plate and, therefore, the
amplifier block are cooled to an ambient temperature of 4.1 K
in a cryogenic Dewar (see Fig. 2).

II. THEORY
A. Noise Temperature

At the outset, we should clarify the definition of the ampli-
fier noise temperature that we will use. In many amplifier noise
measurements at microwave frequencies, one can ignore some
technicalities with impunity, but for the very small temperatures
and even smaller uncertainties that we will deal with, it is nec-
essary to exercise extra care. The basic defining equation is that
the output noise temperature is given by

Tout =G Tin + Te + E (1)
2kp

where G is the available gain of the amplifier, T}, is the noise
temperature of the input termination, 7 is the effective input
noise temperature of the amplifier, h is Planck’s constant, f
is the frequency, and kp is the Boltzmann’s constant. The
available gain G and the effective input noise temperature 7,
both depend on the reflection coefficient (or impedance) of the
input termination and are also a function of frequency. In the
present measurements, we consider only the case of matched
(reflectionless) input terminations for the amplifier so that the
measured amplifier noise temperature corresponds to the noise
figure for reflectionless input terminations. The temperatures
appearing in (1) and elsewhere throughout this paper are noise
temperatures rather than physical temperatures unless other-
wise stated. They are defined as the available noise spectral
power divided by Boltzmann’s constant so that, for a passive
termination, the noise temperature 7" is given by the familiar
Planck form

1 hf
=% (m) )

where Tphys is the physical temperature.
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Fig. 3. Configuration and reference planes for amplifier and cryostat. NS
denotes noise source.

The aspect of (1) that may be unfamiliar to some is the ap-
pearance of the hf/2kp term. This is the contribution to the
input noise due to quantum vacuum fluctuations [9]-[11]. For
convenience, we define Ty.. = hf/(2kp). Normally it is not
a concern at microwave frequencies, and certainly not in the
1-12-GHz range, where 1+, ranges from 0.024 to 0.29 K. How-
ever, since we are dealing with such low temperatures, and be-
cause our uncertainties will be about 0.3 K, it is necessary to ac-
count for this term. There is some question whether T, should
be included in the input noise temperature or whether it should
be attributed to the amplifier and included in 7. We adopt the
convention that it is present at the input of the amplifier [12] so
that it is not included in T, . We depart from [12] in that we do not
include 7%, in the noise temperature of a passive termination
(2) and, therefore, it appears explicitly in (1). This difference
has no effect on the results.

B. Calculations

‘We consider the case of matched (i.e., reflectionless) input ter-
minations, and we refer to the amplifier’s effective input noise
temperature for this case as T,. Before immersing ourselves
in algebraic details, we preview the general measurement plan.
Figs. 3 and 4 show the measurement configurations to be used.
We shall refer to a configuration by the number of the figure rep-
resenting it. A standard hot/cold measurement (detailed below)
on configuration 3 is used to determine the gain at the cryo-
stat ports (outside the cryostat at room temperature). A sim-
ilar hot/cold measurement on configuration 4(a) determines the
losses in the lines, permitting us to extract the amplifier gain
from the gain at the cryostat ports. Configurations 4(b) and (c)
are used to measure how much noise is added by each section
of transmission line within the cryostat. Finally, in configura-
tions 4(d) and (e), a matched load at liquid-helium temperature
is connected directly to the amplifier’s input, which allows us
to measure T, given the earlier measurements of amplifier gain
and the characteristics of the transmission lines.

The relevant reference planes are shown in Fig. 3. Planes [
and O are the input and output planes of the cryostat, at room
temperature, and planes 1 and 2 are at the input and output of
the amplifier, within the cryostat and, therefore, at liquid-he-
lium temperature. The cryostat planes I and O are accessible
for measurements, whereas we wish to determine the amplifier
gain and noise temperature at the amplifier planes 1 and 2. We
must therefore characterize the transmission lines between I and
1 and between 2 and O, and we must correct for their effects.



1182

Cryostat
i o s
|NSI : - 1 :
! i i !
' I E ‘o
(a)
Cryostat Cryostat
‘. : ! :
1
ML -;:-D——E— ML H——
I 1
2 O b ' I
(b) (c)
Cryostat Cryostat
1 | 1l [l
1 ! 1 '
ML > — ML >
; : : |
2 O 1 1
(d) (e)

Fig.4. Additional measurement configurations. ML denotes matched load and
NS denotes noise source.

The small blocks near planes 1 and 2 represent the location of
the internal connectors relative to those planes.

Since we will measure output noise temperatures at plane
O, and we will use known input noise temperatures at plane 7,
the characterization that is required is the relationship between
noise temperatures at I and 1, and at O and 2. The noise tem-
perature at O (1) is related to that at 2 (73) by

To = ap2Tr + ATy 3)

where oo is the available-power ratio from plane 2 to plane
O, and AT, is the cumulative noise added by the line in going
from liquid-helium temperature at plane 2 to room temperature
at plane O. An important point is that AT, depends on the direc-
tion: it is different going from 2 to O from what it is going from
O to 2. This may seem counter-intuitive at first, but it becomes
less so if one considers the case of two attenuators at different
temperatures and computes the output noise temperature in the
two directions for the same input noise temperature. (It is similar
to computing the noise temperature of cascaded amplifiers for
different ordering of the amplifiers.) To deal with the direction
dependence, we adopt the convention that the unprimed AT}
and AT5 will be used for the direction from inside the cryostat
to the outside (plane 1 to plane I, and 2 to O), and AT} and
AT} will be used for the opposite direction, from outside in.
In general, « also depends on the direction, and in particular
it depends on the reflection coefficient of the termination of the
input end. In principle, we are working with matched termina-
tions so that the input reflection coefficients should be very near
zero, and ay; and ap2 will not change from one configuration
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to another. In practice, the matched loads are far from perfect,
particularly at 4.1 K and Ss5 of the amplifier can be sizable.
We must therefore exercise some care for the «’s occurring in
Figs. 3 and 4. The required care is exercised in the Appendix,

where we show
F
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where «q and « are the values for conﬁguratlon 4(a).

In Fig. 3, if a reflectionless noise source of noise temperature
T:, is connected to plane I, then the noise at the output plane O
will be given by

TO(3) = aO?(g)G(Tl + T + T\ac) + AT2
= a1a02(3)GTm + OéOQGATl
+ 0102(3) (Te + Tvac) + ATZ (5)

where G is the available gain of the amplifier (between planes 1
and 2) for I3, = 0. (We neglect the small reflections introduced
by the connections at plane I and to the left of plane 1 so that
a reflectionless input termination at I results in a reflectionless
termination at the amplifier’s input plane 1.) The quantities of
interestin (5) are T, and GG, which must be disentangled from the
line parameters a;, apg, AT, and AT,. Measurements with
two different input noise sources 7}, and 71, as in the standard
Y -factor method, allow determination of the gain at the cryostat
ports a3 p2(3)G. We then use (4) to relate ap2(3) to g and
obtain

To(3,h) = To(3,¢) (1 - IFo(3)|2)
Ty —T. L ITo(3))?
Q102

where (3,h) and (3, ¢) refer to configuration 3 with hot and
cold input noise sources. We could also determine the intercept
[2(3)GATY] + asGT. + AT3], but we do not use that informa-
tion. To obtain G from (6), we must then determine aq vs.

The configurations for the additional measurements are
shown in Fig. 4. Fig. 4(a) is similar to Fig. 3, but with the
amplifier replaced by a short through section. For a noise

temperature 73, connected at port I, the noise temperature at
port O is given by

()élOZQG =

To(4a) = araaTin + a2 AT] + AT, (7)

where we neglect any loss in the short section of through (at
liquid-helium temperature) between planes 1 and 2 (a very good
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assumption based on measurements of the through section at
room temperature). Measurement of this configuration with two
different values of 73, allows us to determine o

To(4a,h) — To(4a,c
ety — ol T;)—TO( .¢) @®)

It also determines vy ATy + AT5, but again, we will not use this.
As a check, this configuration is measured in both directions,
measuring the noise temperatures at O for two different noise
sources connected at I, and measuring the noise temperatures
at I for two different noise sources connected at O. We then can
use (8) in conjunction with (6) to determine the amplifier gain
G.

In Fig. 4(b) and (c), a matched load is connected directly to
one of the internal connectors, either plane 1 or plane 2. In these
cases, the output noise temperatures are given by

T[(4C) = Ol]1<4C)THe + ATl
TO (4()) = 0102(4b)TH6 + ATQ (9)

where Ty, is the liquid-helium temperature, as measured by the
GRT. Since T, is small, (9) provides a good direct determina-
tion of AT} and AT5 even if the uncertainties in oy and o are
rather large, provided that we can measure 77 and Tp well. In
fact, we shall see in the uncertainty analysis below that it is suf-
ficient to use a1 & g & /ajas in (9). For AT and AT5, we
then have

ATl = TI(4C) — /1 OéQTHe
ATQ :To(4b) — \/alagTHe (10)
where a;as is given by (8).

In Fig. 4(d) and (e), a matched load is connected to the input
of the amplifier, inside the cryostat. The output noise tempera-
tures in these cases are given by

Tr(4e) = an(4e)G(The + 1o + Tvac) + ATy
To(4d) = aos(4d)G(Tye + To + Toae) + AT, (11)

Since we can determine the product «; a2, but we do not have a
good method for measuring «; and a5 individually, we combine
the two equations of (11) to yield

ari(4e)aos(4d)G*(The + Te + Teac)?
= [T1(4e) — ATh] [To(4d) — AT>]. (12)

The preceding measurements have already determined aj aa,
G, ATy, and AT5, and thus we can use (12) to determine the
amplifier’s effective input noise temperature 7,

T = {[Tz(4e) — ATy [To(4d) — AT]

- T e Tvac
ari(4de)ao:(4d)G? } He

(13)
where a1 (4e)ap2(4d) is related to g ay by (4).
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III. MEASUREMENTS

A. Setup and Procedures

The input and output ports of the cryostat, as well as the in-
ternal ports, had SMA connectors. Adapters were connected
to the SMA input and output ports of the cryostat so that all
measurements were made with GPC-7 connectors. This was
done to minimize concerns about connector repeatability. These
adapters remained in place throughout the course of the mea-
surements; they were not removed and reconnected. Since the
amplifier itself had SMA connectors, the internal connectors
of the cryostat (near planes 1 and 2) were left as SMA. Water
jackets were constructed and fitted around the input and output
ports of the cryostat to stabilize and maintain these ports at room
temperature (23 °C physical temperature). Internal cables of
the cryostat were ordinary stainless-steel semirigid cables with
Teflon dielectric.

The noise measurements were all performed on the Na-
tional Institute of Standards and Technology (NIST) coaxial
radiometer NFRad [13], and therefore the measurand was
the noise temperature. NFRad is an isolated double-sideband
total-power radiometer that compares the noise power from the
device-under-test to that from two primary standards, one at
liquid-nitrogen temperature and one near ambient temperature.
Full corrections are made for mismatches and path differences.
The mixing is performed at baseband, and the bandwidth of
each sideband is 5 MHz. The system noise temperature and gain
depend on frequency; typical values are a gain of 100 dB and a
noise temperature of 450 K at 8 GHz. The standard uncertainty
in the noise-temperature measurement depends on the noise
temperature. For noise temperatures in the 1000-15000-K
range, the standard uncertainty is about 0.4% or 0.5% of the
noise temperature. For higher temperatures, such as those at the
output of the amplifier, a characterized attenuator must be used
at the radiometer input, increasing the uncertainty somewhat.
For noise temperatures below 100 K, the standard uncertainty
is typically between 1.0 and 1.5 K.

The noise measurements required that we first measure
relevant reflection coefficients. These measurements were
performed using a commercial vector network analyzer (VNA).
The procedure was to first cool the cryostat until the tem-
perature of the internal cold plate stabilized at about 4.1 K.
The temperature was measured by a germanium resistance
thermometer (GRT) mounted on the cold plate. A silicon
thermometer was also mounted on the plate and was used for
verification purposes. For measurement configurations that
included the amplifier, the amplifier was always biased with
the same gate and drain voltages (V, = 1V, V; = 1.4 V),
resulting in an operating current of about 17 mA, which cor-
responds to the maximum gain. The reflection coefficient at
the measurement planes (I and/or O) were then measured on
the VNA for each of the input sources to be used. For the
amplifier measurements of Fig. 3, two input sources were used,
a matched load at room temperature and a cryogenic (liquid
nitrogen) noise source, whose noise temperature was measured
separately. Two different input noise sources were also used
in the line measurements of Fig. 4(a), but in this case, they
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Fig. 5. Measurement results for oy a2 G(= G(OI)) from noise and VNA
measurements.

were the ambient temperature matched load and a commercial
diode noise source, whose noise temperatures we had previ-
ously measured at the frequencies of interest. After the VNA
measurements, the cryostat was moved to NFRad for the noise
measurements. Measurements were made from 1 to 12 GHz at
1-GHz intervals. NFRad uses four different receiving modules
to cover 1-12 GHz, with the break points occurring at 2, 4, and
8 GHz. At these three overlap frequencies, all measurements
were performed with both receiver modules as a check of
consistency and repeatability.

In principle, the measurement configurations of Figs. 3 and 4
require four different internal configurations of the cryostat and
thus could be accomplished with four separate cooling-warming
cycles. The first cycle can be devoted to the hot/cold measure-
ments on configuration 3, and the second cycle can be used
for the hot/cold measurements on configuration 4(a). Configura-
tions 4(b) and (e) can be accommodated simultaneously in the
cryostat, and therefore they both can be measured in the third
cooling-warming cycle. And finally, configurations 4(c) and (d)
can also coexist simultaneously in the cryostat, and therefore
they both can be measured in the fourth cooling-warming cycle.
The ordering of the four cycles is not important, but we chose
to measure configuration 3 first, in order to verify that the am-
plifier was operating as expected. (In practice, of course, more
than four cooling—warming cycles were needed due to sched-
uling, availability of liquid helium, etc.)

B. Results and Checks

Measurements on configuration 3, with two different input
noise sources, yield values for a;asG from (6). As a check
of our results, we also measured the S-parameters at cryostat
ports I and O, from which we computed the available gain,
from I to O, which should be approximately equal to a;a2G,
a1asG =~ G(OI) = |S21)%/(1 — |Sa2|?) for a matched ter-
mination on /. Fig. 5 plots the results for both a; oG (labeled
“noise measurement”) and for two separate VINA measurements
of G(OI), taken about one month apart (and labeled “VNA”).
In this and subsequent graphs, the error bars correspond to the
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Fig. 6. Measurement results for ;o (dimensionless), from noise and VNA
measurements.
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Fig. 7. Measurement results for the amplifier gain between planes 1 and 2.

standard uncertainty (1 o) [14]. For the noise measurement, the
uncertainty analysis is given in Section III-C. The VNA uncer-
tainties are estimates based on the manufacturer’s values. The
manufacturer’s values extend only up to gains of 10 dB, where
they are about 0.1 dB. The values used in Fig. 5 are +0.2 dB.
The noise and VNA results are generally in good or very good
agreement, except at 12 GHz, where they differ by about 0.9 dB.

In a similar manner, measurements on configuration 4(a),
using two different input noise sources, can be used in (8) to
determine aq 2. In the Appendix, we show that oy p should
be approximately independent of direction (I to O versus O
to I), and so we measured it in both directions as a check. As
an additional check, the S-parameters between I and O were
measured with the VNA from 1 to 4 GHz, and the available
gain (& «jay) was computed, similar to the treatment above
of ajasG. All three sets of results are plotted in Fig. 6. Error
bars are not shown because they are the approximate size of
the symbols. Very good agreement is seen, except at 11 and
12 GHz, where the difference between the measurements in
the two directions is 0.02 and 0.03. This discrepancy will be
discussed below when we treat the uncertainties. The value of
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a1z used in the rest of the computations is the average of the
measurements in the two directions.

Combining the results for oy as G with those for ajas, we
can compute GG, which is plotted in Fig. 7. The gain is between
33 and 36 dB throughout the measurement range, and the mea-
surement uncertainties are about 0.15 dB.

The values of AT} and AT, were determined from measure-
ments on configurations 4(b) and (c), using (10), and they are
plotted in Fig. 8. Two independent measurements of AT} were
performed, with a disconnect/reconnect at plane 1, in order to
test the repeatability of the connections and measurements. The
average of those two measurements is shown in Fig. 8, and the
difference is included as a type-A uncertainty. The relatively
large error bar on AT} at 12 GHz is due to a disparity between
the two measurements. Both AT} and AT5 are seen to increase
with frequency from about 25 K at 1 GHz to about 75 K at
12 GHz. The values for AT} and AT are nearly equal, except
from 5 to 7 GHz and at 12 GHz. The disparity from 5 to 7 GHz is
suspicious. It could be due to a real difference between the two
lines or it could be due to a faulty internal connection or some
other problem with one measurement. Fortunately, a difference
of 10 or 20 K in AT; or AT has virtually no effect on our re-
sults for 7. This can be seen by referring to (11) and (13). AT}
and AT enter only as relatively small corrections to 77 (4d) and
To(4e), both of which are in the range of 15000-20 000 K and
have uncertainties in excess of 100 K. Consequently, we need
to know ATy and AT; only to within about 50 K.

Finally, the measurements on configurations 4(d) and (e) are
used in (13), along with the values already obtained for «; a2 G,
ajag, ATy, and ATs, to obtain the amplifier’s effective input
noise temperature, which is plotted in Fig. 9. The measured
noise temperature is below 5.5 K from 1 to 11 GHz, rising to
about 9 K at 12 GHz. The lowest value is attained at 7 GHz
where T, = 2.3 K + 0.3 K. (For those accustomed to noise
figure in decibels, this corresponds to 0.034 dB+0.004 dB.) Un-
certainties throughout the range are approximately 0.3 K at fre-
quencies were the matching was good, and higher at frequencies
where the matching was poor. The measurement results for G
and 7 are tabulated in Table I. The uncertainties in this table are
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Fig. 9. Effective input noise temperature of amplifier as a function of
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TABLE 1
RESULTS FOR GG AND T'. WITH STANDARD UNCERTAINTIES (10)

f(GHz) G(dB) T.(K)
1 334403 53+0.7
2 339402 5305
3 343402 5.1+£05
4 342403 4.0£0.5
5 345+0.2 3.1+03
6 343+0.2 32+03
7 35.1+£0.2 23+03
8 35302 3.1+03
9 358403 34+0.6
10 35302 37+£03
11 353104 4.0x0.7
12 337405 89+1.5

the standard uncertainties, corresponding to one standard devi-
ation, computed in accordance with [14]. Care should be taken
in comparing uncertainties from other sources, who often quote
“3-0” uncertainties. In such comparisons, one should also be
careful that all major components of uncertainty are included.

C. Uncertainties

When measuring such small amplifier noise temperatures, it
is obviously essential to evaluate and understand the uncertain-
ties. A detailed uncertainty analysis was performed for both G
and T; here we present only a summary of the most important
components.

We determined G from the ratio of «;asG, using (6), with
a1 g determined from (8). In addition, there are possible errors
due to the fact that we assume, but obviously cannot achieve,
perfect matching conditions. This is an important, even dom-
inant, contribution to the uncertainty [15]. The relative uncer-
tainty in G is therefore given by

w?(aiaz) | i, (G)
((11(12)2 G2

u(G) _ \/u2(a1a2G) (14)

G (OllagG)Z

where wuyr(G) is the uncertainty in G due to imperfect
matching. We estimated wuyr,(G) by taking the difference be-
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tween the full expression for available gain and the expression
for the matched case using measured magnitudes of reflection
coefficients or reasonable approximations, and averaging (rms)
over relative phases. This leads to a value for uyp(G)/G of
between 0.6% and 6%, depending on frequency.

The uncertainty in ;o G, u(a; a2 @), is the other major con-
tribution to (14). If we let ATy = To(3,h) — To(3,¢) and
ATy, =T, — T,, where T, = 296.15 K is the ambient temper-
ature, then from (6) the fractional uncertainty in oG takes
the form

u(arae@) _ \/U2(AT0) n

u?(AT:y)
AT?

in

“ifIL(O‘lO‘ZG)
(041 OéQG)Q

15)
where uyp, again refers to the uncertainty due to imperfect
matching conditions. The term due to imperfect matching is
estimated in the same manner as in (14), and this fractional
uncertainty is found to be between 1% and 7%. The other major
contribution to u(ayaeG) in (15) is u(ATp), and it, is domi-
nated by the uncertainty in T (3, k), u(ATo) =~ u(To(3, h)).
The output noise temperatures To(3,h) and Tp(3,c) were
measured on the NIST coaxial radiometer NFRad [11], through
a 20-dB attenuator, in order to keep the output temperature
in the linear range of the radiometer. The fractional type-B
uncertainties in these measurements, including the uncertainty
introduced by the attenuator, are about 0.6%. However, at the
“overlap points” (2, 4, and 8 GHz), where the measurements
were repeated, using two different receiving modules, the dif-
ference between the two measurements was often significantly
larger than 0.6%. To account for this, we added an effective
type-A uncertainty equal to the average magnitude of the differ-
ence for the given set of measurements. This type-A fractional
uncertainty was 2% for To(3,h) and To(3,¢). This resulted
in a fractional uncertainty of 3%—4% in ATy and therefore in
a1aeG as well. Combining the components in (15) yields a
fractional uncertainty of 3%—-8% in a2 G.

A similar analysis applied to a; o, as determined by (8), in-
dicates that the fractional uncertainty in o o is approximately
0.5%, which is small compared to the rest of (14). Referring
back to (14), we see that u(G)/G is approximately equal to
the root sum of squares of u(a;asG) /a1 @G and upr(G)/G.
This yields a fractional uncertainty from 3% to about 8%, in ap-
proximate agreement with Table 1.

In computing 7. in (13), we use aja2G? =
(a1a2G)?/araa, thus writing 7. in terms of quantities
(v1asG and ajas) that are independently measured. This
avoids the strong correlations that would be present between
the errors in ajas and G. The uncertainty in T, is then
obtained from

w*(Te + The + Tvac)
(Te + Tre + Tyac)?
1w (To(4d) — ATy) | 1u? (Tr(4e) — ATY)
4 (To(4d) — ATy 4 (Ty(4e) — ATY)?
Lu?(aras) | v?(ara2@)
4 (aro)? (a1a2G)?
+ (Te +THe + Tvac)2u§qL(Te) .
72

alagG AT(%

(16)
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Since the uncertainty in Ty, + Tyac is negligible, u(T.) =~
w(T. + THe + Tvac), and we can get wu(7.) directly
from (16). From the discussion of wu(G) above, we
know that wu(ajaeG)/aiasG is about 3%-8%, and
w(ayag)/aras is considerably smaller than that. The first
two terms on the right-hand side of (16) are both roughly
(0.008)%, so that neglecting the matching uncertainties,
w(Te) ~ 0.04(Te + The + Tvac) = 0.3 K. To this we must
add the effect of possible errors due to imperfections of the
matched loads uy, (7% ). The uncertainty in 7, due to imperfect
matching conditions is difficult to estimate because we do not
know the full noise parameters of the amplifier under test. We
can, however, make reasonable estimates of their magnitudes
based on the measured value of 7,. Those estimates led us to
use

Te
M%() ~ VAL + 2| TS 2

A7)
which ranges from less than 1% to 8.5% over the 1-12-GHz
range. This uncertainty was added in quadrature with the value
of u(T,) obtained from (16), resulting in the uncertainties of
Table 1. For frequencies at which | Iy | is sufficiently small, the
uncertainty is 0.3 K; at other frequencies, (17) is appreciable or
even dominant.

D. Discussion

Repeatability of connectors and cables under cryogenic
conditions may have caused some problems. In particular, the
2% differences seen between measurements of the amplifier
output at the same frequency with two different receiving
modules may have been due to the connectors or cables, since
measurements in the different bands were made several weeks
apart and involved breaking of connections and heating and
recooling. (Usually the repeatability of such measurements is
about 0.5% or better.) In future measurements, we will try to
use PC-3.5 connectors in place of the SMA connectors used in
these measurements. We will also attempt to use better cables
and matched loads in order to achieve the best uncertainties
over a wider range of frequencies.

Since the amplifier must be measured in three different
configurations, and therefore in at least three different
cooling/warming cycles, it is important that the amplifier’s
properties remain the same from cycle to cycle. We did not
systematically study this question, but there is considerable
evidence that the amplifier properties repeat well. The two sets
of VNA measurements in Fig. 5 were made a month apart and
agree very well with each other. Also, noise measurements at
the radiometer’s overlap frequencies (2, 4, and 8 GHz) were
often made in different cooling/warming cycles on the different
receiver modules. The 2% differences noted above could have
been due at least in part to changes in the amplifier. However,
differences between the two measurements are included in the
overall uncertainties. Thus, in Figs. 5, 7, and 9, the fact that
the uncertainties at 2, 4, and 8 GHz are not noticeably larger
than at other frequencies is an indication that any variation in
the amplifier’s properties from one cycle to another is small
compared to other uncertainties.
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A key point is the temperature of the matched load on the am-
plifier input in configurations 4(d) and (e). The matched load is
immersed in liquid helium and connected directly to the ampli-
fier input, and the amplifier block is mounted through indium
sheets on the cold plate. The temperature of the cold plate is
monitored by the GRT, with an uncertainty of about 0.05 K, and
is checked by the silicon thermometer. Consequently, the tem-
perature of the matched load is known very well. Furthermore,
in configurations 4(d) and (e), there is no cable connecting the
matched load to an external port, and thus there is no danger of
the center conductor heating the matched load. This is an attrac-
tive feature of the present method. For cables connected to an
external port [see configurations 3 and 4(a)—(c)], the tempera-
ture of the center conductor may be higher than 4.1 K because
the center conductor is not in contact with the liquid helium, and
the thermal contact between the inner and outer conductor may
not be very good, but configurations 4(b) and (c) are only used
to determine AT; and AT5, where relatively large errors in the
temperature of the matched load can be tolerated. And configu-
ration 4(a) is used to correct for the line losses in configuration
3, so we only need the line temperatures to be the same in the
two configurations.

An obvious question that arises is why we were able to
achieve such small uncertainties in measuring the amplifier’s
noise temperature. The key point is the use of a liquid-helium
temperature matched load directly on the input of the amplifier,
and the measurement of the output noise through both (input
and output) cryostat lines [see Fig. 4(d) and (e)]. This provides
a very accurately known input noise temperature, and the uncer-
tainties in the gain and line characterization enter as fractional
uncertainties, contributing to the fractional uncertainty in 7.
The gain and line loss can be measured to within a few percent
with accurate noise measurements. Our fractional uncertainty
in T, is actually rather large, but because T, is so small, the
absolute uncertainty is small. It also helps that the method is
not very sensitive to the noise added by the lines, AT; and
ATy, which are difficult to measure accurately.

Some aspects of the present method could be used to improve
the accuracy of other methods, such as those used in [7]. Careful
characterization of, and correction for, the noise properties of
the cables would reduce the uncertainties, but at the expense
of added measurements and cooling/warming cycles. We think
that there still would be an advantage to our method of first mea-
suring the gain with external noise sources and then determining
the noise temperature with just one internal matched load, but
we cannot say definitely without a detailed analysis.

There are possibilities for making the present method some-
what faster. The fact that the present method is relatively in-
sensitive to the noise added by the lines (AT} and AT3) sug-
gests a possible shortcut method similar to that proposed, but re-
quiring fewer internal configurations and fewer noise measure-
ments. The quantities a;2G and ajas could be determined
from VNA measurements alone (provided the VNA measure-
ment of Se; has sufficient accuracy for large values of oy s G).
Furthermore, the configurations of Fig. 4(b) and (c) could be
omitted if it could be verified that AT} and AT, were negligible
compared to G'T,.. This might be done by noting that AT} and
AT, must be bounded above by (1—a)Tamp and (1—asg) Tamp.-
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Another possible efficiency in the present method could be
achieved by building a dedicated test setup and characterizing
the lines once (with periodic checks). The line characterization
measurements would then not need to be done each time a new
device was measured. We intend to build such a test setup in the
near future.

IV. SUMMARY

We have proposed and applied a method for measuring the
effective input noise temperature of a cryogenic (liquid-helium
temperature) amplifier under matched conditions. The method
uses a basic hot/cold measurement to determine the gain of the
amplifier between the cryostat’s input and output ports. Re-
placing the amplifier with a through section and performing a
similar hot/cold measurement to determine the loss in the lines
between the internal reference planes and the cryostat’s input
and output ports enabled us to determine the amplifier’s gain be-
tween its input and output reference planes within the cryostat.
Once the gain was known, the amplifier’s noise temperature was
determined by measurements using a matched load connected
directly to the amplifier input within the cryostat, and therefore
at liquid-helium temperature. Additional measurements deter-
mined the noise added by the lines connecting the amplifier to
the cryostat ports. This method (and a careful uncertainty anal-
ysis) enabled us to measure the effective amplifier input noise
temperature with an uncertainty of £0.3 K at frequencies for
which the nominal matched loads were well matched, which
is about equal to the input noise contribution of the quantum
vacuum fluctuations (0.29 K) at the upper end of the frequency
range measured (12 GHz).

There are two noteworthy aspects of the results. One is the
outstanding noise performance of the amplifier over a full
decade of frequency. Its measured noise temperature was below
5.5 K from 1 to 11 GHz, with a minimum of 2.3 K at 7 GHz.
The second noteworthy point is that we were able to measure
such small amplifier noise temperatures with an estimated
standard uncertainty of only 0.3 K. Such accuracy should
benefit any application of cryogenic amplifiers, including the
terahertz receiver application, which prompted this study. With
the recent development of near quantum-limited terahertz
detection systems, the need for precise characterization of
cryogenic LNAs is higher than ever. The method presented here
should enhance the development of focal-plane-array imagers
and spectrometers based on heterodyne detectors covering the
entire terahertz frequency range.

APPENDIX
The available power ratio from plane 2 to plane O in Fig. 3
or Fig. 4(a) is given by
N 1921 (02)|* (1 = |13
02 = .
11— 12511 (02)] (1= [Tof?)

(A1)

For configuration Fig. 4(a), with an ambient-temperature
matched load on plane I, all reflections are small (|I'|%,
|S11]% & 0.001 or less), and thus apa = |S21(02)|%. We use
as to refer to this reflectionless case, as = apa(4a).
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When the amplifier is present, as in Fig. 3, |I3|? and |[I5|?
are sometimes as large as 0.09, and we must therefore account
for them in (A.1) if we are to achieve the accuracy we desire. In
such a case, S11(02) still refers to the section of transmission
line, not the amplifier, and I5.571(02) is still small enough to
neglect. We measure [p, and we can write /5 (which we can
not measure) in terms of I as follows:

512(02)321(02>F2
1= 5,(02)Ts

7 512(02)S91(02) I

[Tol?

2
Q3

Iy = 522(02) +

|[b)* ~ (A.2)

Therefore, aps of Fig. 3, denoted ap2(3), is related to
ap2(4a) = as by

LG | _ B’
% 10
a02(3) ~ (9 =~ (9

(1-110G)P) (1-110G)P)
(A3)
In evaluating (A.3), we were able to use a3 = ;s because
the additional error introduced is a small correction to a small
correction and therefore negligible. The same value of a2 (3)
is used for both noise sources. This is justified because our mea-
surements verified that | I3(3)]? is the same for both.
In a similar manner, we can show that the other «’s involving

the amplifier are given by

| _ o)
(4d) e
ap2(4d) =~ as
(1= 1rotaP)
| Inae)?
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ag(4e) = (A4

(1 1Tnae) )

where we define «; as we did o, @1 = ay1(4a).
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