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L-band radiometer design for long-term
stability measurement of one-port devices

EMILIE LEYNIA DE LA JARRIGE"?, LAURENT ESCOTTE"”, ERIC GONNEAU’> AND JEAN-MARC GOUTOULE*

The design of a high-stability radiometer is presented in this paper. It is used to characterize the stability of a microwave active
cold load at L-band. The two-load radiometer takes advantage of a noise injection technique to improve its sensitivity. A
temperature-stabilized enclosure is used to minimize gain and noise temperature fluctuations of the receiver. The radiometer
sensitivity is 0.031 K and the gain fluctuations are less than 0.005 dB during 1 day. The total gain and the receiver noise
temperature of the radiometer exhibit very small variations (<o.03 dB and 1 K, respectively) on the long term.
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. INTRODUCTION

Microwave radiometers are largely employed in several
domains to measure electromagnetic radiations. Radio astron-
omy [1], Earth observation [2], human presence detection [3],
and industrial applications [4] are a few examples where
radiometers play an important role and can be viewed as
antenna-receiver systems. They are also used to characterize
the noise behavior of linear one-port devices [5, 6] and micro-
wave amplifiers [7]. In this case, the antenna is replaced with
coaxial or waveguide structures to realize on-wafer measure-
ments or to characterize connectorized devices. The measured
powers are generally expressed in terms of equivalent temp-
eratures for practical considerations (brightness temperature,
antenna temperature, noise temperature, equivalent tempera-
ture, etc.). Several architectures of radiometers have been pro-
posed during the last few decades [8]. The Total Power
Radiometer (TPR) is the basic radiometer. The best sensitivity
is obtained from the TPR, but frequent calibrations are
required to minimize receiver gain and noise temperature
instabilities. This problem is greatly alleviated with the
Dicke Radiometer (DR) [9]. A switch located at the receiver
input associated with a synchronous detector is used to
measure the difference between the antenna temperature
(T4) and the equivalent temperature of a known reference
(TRres)- The null-balancing DR corresponds to the case where
Trer is equal to T, [10]. A variable noise source associated
with a feedback control system is used to realize the above
condition. The gain modulation radiometer is another type
of receiver for obtaining balanced operation of the DR [1].
The Noise Adding Radiometer (NAR) does not require a
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switch at the receiver input [11]. An excess noise level is
periodically added to the antenna input signal with the help
of a directional coupler. The problem of gain stability inherent
to the TPR is then reduced with this architecture. The Noise
Injection Radiometer (NIR) is a combination of the null-
balanced DR and the NAR [12]. The noise level (noise temp-
erature, Tyj) added to the antenna signal is adjusted with a
servo loop in order to meet T, + Ta = Trer. Excellent per-
formance in terms of stability is achieved using the NIR at
the expense of a loss of sensitivity. The Two-Load
Radiometer (TLR) uses two reference temperatures and is
continuously calibrated [13]. The resolution can be adjusted
for a particular measurement problem and different designs
are proposed and analyzed in [14]. The Correlation
Radiometer (CR) is composed of two identical radiometers
with separate antennas and has been discussed in several
works [15, 16]. Two different sources can be simultaneously
observed and their cross-correlation is determined with a
complex correlator. The CR is easily adapted for use in an
interferometer system. A modified version, the so-called
pseudo correlation radiometer, is employed in the Planck low-
frequency instrument for measuring the anisotropy of the
cosmic microwave background [17].

The choice of the radiometer will mainly depend on the
final application. The constraints for calibrating the instru-
ment or concerning the measurement time are not necessarily
the same if the radiometer is a ground-based system, a micro-
wave aircraft instrument, or a space system. For example, the
CR is well adapted to measure the ocean brightness tempera-
ture, each antenna measuring two different polarizations, but
is not appropriate to measure the stability of a one-port device.
The calibration of radiometers is realized by measuring differ-
ent sources with well-known equivalent temperatures. A cold
source is generally needed and several types can be found [8].
A cooled microwave load is the simplest way. Antenna target
calibration is another solution where the cold source could be
either a microwave absorber soaked with liquid nitrogen, or
the cold sky. Active devices have been also proposed to
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realize a matched load with a low noise temperature, also
called Active Cold Load (ACL). The first ACL realized with
a single GaAs Field Effect Transistor (FET) with appropriate
feedback was proposed in the 1980s by Frater and Williams
[18]. A noise temperature around 50 K at L-band was reported
by the authors. We have presented in a previous paper that a
SiGe heterojunction bipolar transistor (HBT) can also be used
to realize an ACL at L-band [19]. A noise temperature T, less
than 65 K, a return loss higher than 30 dB and a temperature-
sensitivity around 0.3 K/°C are the main characteristics of the
proposed ACL. The stability of this kind of load is a key par-
ameter for space-borne radiometers and this parameter must
be evaluated on the long term. A dedicated radiometer has
been developed to characterize the ACL long-term stability.
It was described in a previous paper related to the stability
analysis of the SiGe ACL [20]. We will present in this paper
additional information concerning some practical consider-
ations on the radiometer design, and an in-depth analysis con-
cerning the temperature regulation of the test-bed. The
radiometer gain stability is particularly detailed. Gain fluctu-
ations are examined on the long term and the different
types of low-frequency noise sources are determined from
the normalized gain spectrum.

. EXPERIMENTAL SETUP

A) Radiometer architecture

The architecture of the test-bed is based on the two-load
radiometer and is represented in Fig. 1. It resembles the
NIR one, except that the injected noise value is fixed to a con-
stant value. The two reference loads (T, and T,) can be shown
in the simplified block-diagram depicted in Fig. 2 [14]. T, cor-
responds to the physical temperature of the matched load
(“hot load”) and T, is the “cold load” realized with both the
calibration noise diode and 16-dB directional coupler. The
latter is also used for the addition. The single-throw switch
is represented in Fig. 2 to symbolize the bias command of
the calibration noise diode. The value of T, is chosen to
fulfill T, + T, as close as possible to T,. This significantly
improves the sensitivity of the instrument as will be shown
in the next paragraph. The coaxial switch (the first receiver
element) features very low insertion loss (0.04 dB) and an iso-
lation value higher than 120 dB at L-band. Its reliability is a

matched

Fig. 2. Simplified block diagram of the two-load radiometer.

critical parameter since long-term stability is investigated
over several months. Insertion loss repeatability is specified
to be better than 0.03 dB for 5 million cycles. This corresponds
to 10 switching per minute over 1 year. The low-noise ampli-
fier (LNA) is the second element of the receiver and sets the
receiver sensitivity. It is a commercially available amplifier
(AMF-4F from Miteq). The noise figure is 0.45 dB at 25°C
and the power gain G, is higher than 60 dB at L-band. The
dissipated power by the LNA is around 3.75 W and it acts
as a heating element into the radiometer. The frequency band-
width of the three-pole cavity Band-Pass Filter (BPF) is the
same as the one of the ACL (1400-1427 MHz). The trans-
mission coefficient of the LNA and the BPF was measured
at 25°C with a network analyzer and we have found a
maximum value of 61.4 dB and a ripple less than o0.15 dB in
the frequency band of interest. The equivalent noise band-
width B, calculated from the measured data using numerical
integration is 60 MHz. These values are well adapted to
obtain incident noise powers between —4o0 and —35 dBm,
ensuring a quadratic behavior of the microwave detector. In
this case, the output voltage of the detector is proportional
to the incident noise power, and then to the incident noise
temperature. The detector is a Tunnel detector, with a respon-
sivity Rq around 1 mV/uW at 25°C and a low level of noise (2
nV//Hz at 100 Hz). The video output exhibits a low resist-
ance value (<320 (1) and a capacitance of 400 pF. The square-
law detector is followed by a commercially available dc ampli-
fier (model 351A from Analog Modules Inc.), which has
80-dB voltage gain (G,). This value is necessary to amplify
the detected voltage to an acceptable level required for the
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Fig. 1. Block-diagram of the experimental setup. The red marks on the microwave circuits correspond to the thermistors.
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analog-digital converter. The noise floor of the amplifier is
less than 1 nV/,/Hz and the noise bandwidth of the video
output is reduced with the help of the low-pass filter (simple
RC circuit) which has a typical time constant value of 5 ms [8].

The choice of the radiometer architecture was guided by
two considerations: the test bed stability is realized with fre-
quent calibrations and the injected noise value can be con-
trolled. The incident noise powers on the detector and the
output voltages are then in the same range. The problems
related to the detector non-linearity are then minimized and
the analog-digital converter operates in the same range. The
design of the test bed has been also realized in part with the
help of low-frequency (LF) noise measurements. The receiver
and video parts were assembled at room temperature (without
temperature regulation) and several types of detectors
(Schottky, Tunnel) have been tested with a vector signal ana-
lyzer (Hp 89410A). The best solution in terms of LF noise, and
then in terms of stability, was selected taking into account the
assembly of the different circuits in the system and more par-
ticularly the association between the microwave detector and
the dc amplifier.

B) Radiometer equations

The measurement cycle is depicted in Fig. 3. The output
voltage V, is measured during 7, when the microwave
switch is connected to the matched load. For the other
switch position, the output voltage V, is measured during 7,
when the calibration noise diode is off and the output
voltage V, is measured during 7, when the calibration noise
diode is on. The corresponding equations are follows:

Vo= RdekaBn(TR + Ta1)> (1)
V.= RdGVkaBn(TR + Toc1): (2)
V, = RdekaBn(TR + Tocz)a (3)

where k is Boltzmann’s constant (1.38 x 10 >* J/K) and Tk is
the receiver noise temperature. Ry corresponds to the respon-
sitivity of the detector (in V/W) and T,, is the physical temp-
erature of the matched load. T,., and T,., are the noise
temperatures at the output of the directional coupler when
the calibration noise diode is off and on, respectively, and
are given by the noise theory of linear multiport [21]:

T, T.
T 1= — Nin ﬁ)
oc L + t + C (4)
Tn Th
Tocz :T+Nint+6’ (5)

A L
Vo |-=-e- o
2 :

Ty L3 T

Fig. 3. Typical measurement cycle.
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where L and C are the loss and coupling values of the coupler.
These values have been determined at several physical temp-
eratures from S-parameter measurements carried out in a
temperature-regulated chamber. T, is the ACL noise tempera-
ture. T,, and Ty, are the physical temperature of the calibration
noise diode in the off state, and the noise temperature of the
calibration noise diode in the on state, respectively. Ny, is
the internal noise of the coupler at physical temperature T,;,
given by [21]:

N = (1=7 = =) T ©6)

The physical temperatures of the different microwave
passive circuits are different in the previous equations due
to the presence of a temperature gradient inside the radio-
meter mainly produced by the LNA. Equations (1)-(6) are
the same as those given in [19] if the physical temperatures
are supposed to be constant. The expressions of Ty, Tg, and
the total gain G of the radiometer are obtained by combining

(1)-(6):

T. Ty — T, L
Tn:LX(Tal_Ta3+ a3+¥)—*

L C
Vo=V,
xﬁx (T — Ta), (7)
Vo Th_Taz
TR = — Ta, 8
R Vz_V1X C a ()
C vV, -V,
GZGVGPZ = : (9)

X .
R4kBy,  Th — Ta

The ACL noise temperature given by (7) can be expressed
in the compact form:
Tha=T.— T, x . (10)
T, corresponds to the first term in (7) and is close to the
ambient temperature of the radiometer since T,,, T,,, and
T, are only slightly different. T, is another constant depend-
ing on the noise injection circuitry (L, C, Ty, and T,,) and yis
related to the measured voltages:

T, — T
T,=Lx (—h C az), (11)
_VO_VI
Y=V, v (12)

According to the mathematical analysis given in [14], the
noise-equivalent delta temperature (NEDT), corresponding
to the standard error AT, can be expressed as

N AN AN S AN
o () o () ()

AVZ, AV3, and AV? are the variances associated with the
measurement errors of V,, V,, and V,, respectively. These
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variances depend on the different integration times (7,, 7,, and
7,) and optimum values of these parameters can be exper-
imentally determined as will be shown in Section IV. The
expressions of the derivatives in (13) can be easily derived
from (12):

oy__ 1 (14)
Ve V.-V, 4
87 Vo - Vz ( )
oy _ Vo Vo )
v, (V,— V. °
37 Vl - Vo
LT o 6
v, (V,— V¢ (26)

It is clear from (11) and (13) that a low loss coupler is
desired to minimize the measurement error. Equation (13)
can also be minimized if (15) is equal to o, ie. if V, is close
to V,. This corresponds to the condition T,=T,+ T,
reported in the previous paragraph and is realized by a
proper choice of Tj, and C.

C) Data acquisition and system control

A multifunction data acquisition (DAQ) device (Agilent
U2351A) realizes the connection between the computer and
radiometer (Fig. 1). A graphical user interface was coded
with MaTLaB for the radiometer control and for the signal pro-
cessing. A digital signal is generated by the DAQ and is sent to
a command circuit used for demultiplexing the pulse wave-
form signal. The latter generates three different signals that
control the switch position and the calibration noise diode
bias to realize the measurement cycle depicted in Fig. 3.
Synchronized analog-digital conversion of both the output
voltage and signals from the different thermistors is per-
formed at a sampling rate of 7 kHz. The data are stored in
the DAQ memory and are transferred to the computer at
the end of the measurement cycle through a universal serial
bus (USB) high-speed connection. Data processing is realized
in real time. The different output voltage values (V,, V,, and
V,) are extracted from the measured signal and are averaged
over their corresponding integration times. The ACL noise
temperature, receiver noise temperature and total gain of
the radiometer are derived from (7) to (9). The different phys-
ical temperatures (T,, to T,,) are also calculated from the ther-
mistors characteristics and the measured voltages at their
terminals. The main parameters are then displayed in real
time and the relevant data are stored.

. TEMPERATURE-STABILIZED
SYSTEM

Microwave circuits are temperature-sensitive elements and a
thermal control is required to improve the radiometer stab-
ility. Several methods can be found to keep the temperature
at a constant value. For environmental parameter measure-
ments where the instrument is exposed to important tempera-
ture variations, it is generally useful to place the RF front-end
in a separated, insulated, and regulated box. The RF section
can either be heated or cooled, the latter solution being used
in radio-astronomy to reduce the receiver noise temperature.

https://doi.org/10.1017/51759078711000997 Published online by Cambridge University Press

Fig. 4. Photograph of the temperature-stabilized system.

Using an auxiliary temperature control method, Kemppainen
et al. report that the front-end temperature is stabilized to
+0.06°C and the L-band radiometer performances are
improved by keeping the RF front-end very close to the
antenna feeds [22]. Temperature variations within +0.02°C
around 47.2°C are reported by Lemaitre et al. for the RF
section regulated with heating resistors of a ground-based
L-band radiometer [23]. Tanner uses a thermoelectric cooler
to reach an ultra-stable temperature of 35 + 0.004°C for a
Ka-band radiometer [24]. A dedicated radiometer for ACL
stability measurements at X-band is proposed in [25]. A
thermal stability of the microwave section better than
0.02°C for a 15°C change in ambient temperature is reported
by the authors. For these few examples, the temperature of the
RF section is then accurately controlled and stabilized and the
temperature of the other part of the radiometer is also regu-
lated to a lesser extent. The air inside the other part of the
radiometer is generally continuously stirred by one or
several fans.

Our measurement system is located in a temperature-
regulated room (22 + 1°C). The radiometer design is then
simplified: all the elements (shown in Fig. 1) are mounted in
the same insulated enclosure. A 10-mm-thick aluminum
box (400 x 300 x 100 mm) is covered by a g4o-mm-thick
extruded polystyrene layer, as shown in Fig. 4. Heating resis-
tors are fixed on the bottom plate and are controlled by a dedi-
cated temperature control circuit [26]. Figure 5 represents the
simplified block-diagram of the circuit. The Wheatstone
bridge is composed of two thermistors (R,) and two precision
resistors (R,,). The voltage at the amplifier output is pro-
portional to the difference between R; and R,,. The oscillator
stage is an operational amplifier operating as a multi-vibrator
when the value of R; is close to that of R,,. The power stage is
composed of two transistors operating in switching mode. The
first one sets the current value in the load, corresponding to
the heating resistors. The cycle ratio of the multi-vibrator is
variable (when R; is close to R,,) and depends on the difference
between R; and R,, (i.e. the difference between the thermistor

Whe
bridge

PWM
oscillator

Power
stage

Amplifier

Fig. 5. Simplified block-diagram of the temperature control circuit.
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Table 1. Temperature of microwave circuits inside the radiometer.

Active cold load Tho 38.41°C
Matched load T, 39.10°C
Noise diode Ty, 38.80°C
Directional coupler Tas 38.76°C
Low-noise amplifier Toy 41.23°C

temperature in the Wheatstone bridge and the desired temp-
erature fixed by R;). At the startup, the value of R; is higher
than R, and the second transistor in the power stage is
always saturated and the maximum power is dissipated in
the heating resistors. Several thermistors located on several
microwave circuits (see the red marks in Fig. 1) are used to
monitor the temperature inside the radiometer. We can see
in Table 1 that the temperature is not uniform. This is
mainly due to the low-noise amplifier and its own dissipated
power. The ACL is the farthermost element of the LNA and
it exhibits the lowest temperature. The temperature values
reported in Table 1 correspond to mean values recorded
during 4 days. The standard and maximum deviations are
less than 0.002 and 0.01°C, respectively. Long-term stability
measurements of the ACL were realized during 138 days
from October 2010 to February 2011. Figure 6 represents
the variations of the ACL physical temperature during this
period. Each point corresponds to the mean value calculated
during 1 day (about 875 points) and the error bars are
related to the confidence interval of 4+ ¢ (o is the standard
deviation). The temperature deviation during more than 4
months is less than 0.04°C. A peak appears (well marked on
the standard deviation) around the 1ooth day due to a
trouble in the air-conditioning of the room. The measure-
ments have been stopped after 30 and 60 days due to problems
in the radiometer command circuit. The mean value of the
standard deviation is 0.0015°C, corresponding to a typical
temperature fluctuation less than 0.01°C over 1 day.

V. RADIOMETER
CHARACTERISTICS

The main radiometer characteristics are determined with a
dedicated program developed for that purpose. The different
output voltages (V,, V,, and V,) are continuously measured
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Fig. 6. ACL physical temperature versus time recorded from October 1, 2010
to February 15, 2011. The errors bars correspond to + o.
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during 150 min when the switch and the calibration noise
diode bias are in their corresponding states. Allan variance,
or two-sample variance, is used to analyze the voltage vari-
ations versus time. This statistical tool was proposed in the
1960s to study the stability of frequency sources [27] and
was also used to investigate radiometer stability [28] and
many other parameters in different scientific fields. An esti-
mate of the Allan variance (o) is given by [29]:

1 n—1 .
Py = m; (Vigr — V)2 (17)

n represents the number of data (or time slots) used to esti-
mate the variance and V corresponds to the averaged value
of the output voltage during the integration time interval 7.
The plot of oy versus 7 is reported in Fig. 7 for the different
output voltage values. The value of n decreases when 7
increases. A minimum value of 64 time slots is used to
derive ojy at 70 s. The solid lines correspond to the simple
model given by:

A, A,

T T

O-iv = +Ao +A17—. (18)

A_,,A_,, A, and A, are fitting parameters. We can see in
Fig. 7 that the variance decreases when the integration time
grows due to a reduction of the white noise in the measure-
ment set-up. However, the value of 7 cannot be infinitely
increased since additional fluctuations appear. We observe
a plateau above 15 s for the ACL measurement, which is
attributed to flicker noise or 1/f noise. The same behavior
is observed for the matched load characterization above
50 s. Concerning the calibration noise diode measurement, a
minimum occurs in the plot of the Allan variance. For
integration time values higher than 30 s, ohy increases
against 7, which corresponds to the presence of a 1/f* noise
source [29]. This additional noise source is attributed to the
calibration noise diode in the on state and could be attributed
to random walk noise, generation-recombination noise or
burst noise with very long time constants. The integration
time values have been selected from Fig. 7 to minimize the
NEDT in the data processing. Typical values of output vol-
tages, integration times, and Allan variances are reported in
Table 2. The NEDT, or sensitivity, can be calculated from

1000 ¢

Matched
load
100 +

Noisediode

Allan variance (nV?)

10+

0.1 1 10 100
Integration time (s)

Fig. 7. Allan variance versus integration time. The solid lines correspond to
the model given by (18).
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Table 2. Radiometer characteristics determined from Allan variance

analysis.
Voltage (V) 7(s) Ohv
Matchecl load (V,) 2.575 50 13 nV?
ACL (V,) 0.912 15 6 nV*
Noise diode (V,) 2.994 30 17 nV?

(13)-(16) with the data given in Table 2, assuming that AV* =
20y [28] and we found a value of 0.031 K. The magnitude of
each contribution term in (13) can be evaluated. We found
that the highest contribution is mainly due to the measure-
ment of the matched load (54% of the total value under the
square root of (13)), whereas the error associated with the
ACL measurement represents only 1%.

The receiver gain instabilities are a limiting factor in radio-
metric measurements. The total gain of the radiometer given
by (9) must be particularly stable during the total integration
time (7, + 7, + 7,) corresponding to the measurement cycle.
Figure 8 represents its variations versus time recorded during
the ACL long-term stability measurement. The points corre-
spond to the mean values calculated during 1 day (about
875 measurements) and the error bars are related to the con-
fidence interval of 4+ o. Two distinct behaviors can be
observed. In the first step, the gain slightly increases. After
the second break (a discrete transistor was changed in the
command circuit), the gain is stabilized and the maximum
deviation is less than 0.007 dB. The mean value of the stan-
dard deviation is less than 0.001 dB, which indicates that the
gain fluctuations are less than o0.005 dB over 1 day. The pres-
ence of low-frequency noise sources in the measurement was
also investigated during about 1 week, in the period corre-
sponding to the vertical dotted lines in Fig. 8. A sample of
more than 5000 points, recorded from December 24 to
December 30, 2010, has been used to evaluate the gain
stability of the test set. The Power Spectral Density (PSD) of
the low-frequency gain fluctuations Sg(f) was calculated
from discrete Fourier transform (512 points are used and
the PSD is an average of 9 spectra). The normalized value
(AG/G) is obtained by dividing the square root of Sg(f) by
the mean value of G. The variations of AG/G versus frequency
are reported in Fig. 9. A simple model given by (19) is

100.45

100.44 |

100.43 4

100,42+

Total gain ol theradiometer (di3)

100.41 Hi;[

100.4 +
0

20 40 60 80 100 120 140
Time (day)

Fig. 8. Total gain of the radiometer versus time recorded from October 1, 2010
to February 15, 2011. The errors bars correspond to + o. The vertical dotted
lines indicate the period where the normalized gain fluctuation spectrum
plotted in Fig. 9 is calculated.
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Fig. 9. Normalized gain fluctuation of the radiometer versus frequency. The
solid line corresponds to the model given by (19).

also plotted.
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2.5 X 10~
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The value of k, is generally used to compare the stability of
different low-noise amplifiers [30]. The frequency index value
(e = 0.75) indicates that Sg(f) is a combination of 1/fand 1/
7 noise sources. We can see in Fig. 9 that these excess noise
sources become dominant below 1 mHz, which corresponds
to a time period of 1000 s (largely higher than the total inte-
gration time). The small value of k,, associated with a small
corner noise frequency value (0.3 mHz), indicate that the
test set is very stable.

The receiver noise temperature is also very stable. A
maximum deviation less than 1 K is observed during the
whole period of the experiment. Typical variations less than
0.4 K during 1 day are also determined from statistical analy-
sis. The long-term stability measurements of the SiGe
HBT-based active cold load indicate that this kind of load is
very stable. A maximum deviation less than o0.35 K was
obtained over 4 months and a half corresponding to a stability
of 0.8 K/year [31].

V. CONCLUSION

We have presented in this paper the design of a radiometer
dedicated to the stability measurement of one-port devices
at L-band. Absolute accuracy was not addressed in this
work, which simplifies the architecture of the test-bed. Noise
injection technique is used with the two-load radiometer to
improve its sensitivity. A temperature-stabilized system was
developed to reduce the gain and noise fluctuations of the
receiver which are found very stable on the long term. The
sensitivity of the instrument is 0.031 K and the gain fluctu-
ations are less than 0.005 dB during 1 day.
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