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Abstract
This paper presents the development and characterization of a wideband noise source, involv-
ing Commercial Off-The-Shelf components. The noise source relies on avalanche noise gen-
eration by driving the base-emitter junction of a packaged Si–Ge Heterojunction Bipolar
Transistor into reverse breakdown. The paper discusses the noise source operation principle
and its extensive characterization in both mm-Wave K band, as well as in C and X bands. Two
prototypes were implemented without including output impedance matching, such as to pre-
serve the wideband capabilities of the noise source. Performances were validated in terms of
output Excess Noise Ratio (ENR), values reaching 10.8 dB were obtained for the K band at
6.71 mA breakdown current, in a 24–32 GHz bandwidth and 21 − 102∘C device temperature
excursion. A calibration model is also provided, which fits ENR fluctuations with an average
error under 0.05 dB, when considering the maximum current and temperature excursions, as
compared with 0.8 dB ENR drift reported for the non-calibrated source. The C and X band
validation in 4–6 and 10–12 GHz frequency ranges highlights ENR reaching 25.6 and 22.6 dB,
respectively, at 6.9 mA bias current.

Introduction

The solid-state noise source finds extensive usage in microwave and mm-wave systems, as a
precision reference standard for noise-related characterization in both laboratory and industrial
equipment. In this context, a widely diffused application of noise sources is found in radiometer
systems, since the mm-wave operation enables the observation of harsh scenarios where opti-
cal wavelength hardly propagates through the medium. In addition, with respect to the lower
microwave range, mm-wave noise observation is consistent with better space resolution arising
from higher directivity compact antennas. Other relevant applications are also found in noise-
operated radar systems,which arewidely employed inmeteorological remote sensing, especially
for the lower C and X bands [1, 2].

Focusing on radiometer systems, the employed measurement technique is extremely sen-
sitive to short-term and long-term fluctuations of noise figure and gain parameters through
the whole radio frequency (RF) receiving section. For example, the total-power radiometry [3],
which relies on a single integrated-powermeasurement and does not use an on-board noise ref-
erence, is a non-practical technique whenmaximum accuracy and resolution are required.This
is because the architecture is affected by noticeable measurement uncertainties introduced by
thementioned parameter drifts; so for these reasons, both temperature-calibrated noise sources
and feedback-controlled noise measurement systems should be adopted in industrial applica-
tionswith high accuracy requirements. Solid-state noise sources, based on the physical principle
of avalanche breakdown generation in a semiconductor junction, are often employed in these
precision use-cases, thanks to their low cost and ease of integration in conventional monolithic
microwave integrated circuit (MMIC) technologies, such as Heterojunction Bipolar Transistor
(HBT)-based ones [4].The avalanche noise generation process also exhibits power stability over
the long-term [5, 6]. A non-negligible advantage, arising from this type of avalanche source,
consists of the straightforward control of generated noise power. This requirement is necessary
in some practical radiometer architectures, since the noise source acts as switched resistive ter-
minations, placed at differentHot and Cold physical temperatures, cf. Figure 1, thus generating
controlled thermal noise power for calibration purposes [7–9]. The noise power control is also
required to dynamically optimize the trade-off between instrument resolution and dynamic
range, by varying the calibration noise source intensity [10]. This approach is relevant in an
industrial application where a large temperature excursion can be observed.

In this work, we extend the discussion and the characterization introduced in [15], where
noise source prototypes based on the avalanche breakdown principle in a Si–Ge HBT were
exploited; these are described in Section 2. In addition, we also explore the wideband capability
of commercial Si–Ge HBTs suitable for industrial radiometry; in particular, we investigate the
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(a) (b)

Figure 1. Example of a single-receiver radiometer frontend (a), showing a controlled noise generator as the reference calibration standard. Conceptual schematic of a
two-level, switched noise reference (b).

impedance mismatch effects on the noise source prototype, with
details in Section 3, as it has a major impact on noise power
and accuracy of the radiometer equipment. We report extensive
analysis regarding this impairment, and discuss the related char-
acterization in Section 4, including the analysis of setup loss de-
embedding [12], to prevent propagation of measurement setup
errors to a precision use-case [10, 13, 14].The work also focuses on
noise power stability over DUT physical temperature, especially in
Section 4.4, to build a reliable calibration model and procedure,
which are of primary importance where wide and uncontrolled
ambient temperature excursions have to be expected [11]. Finally,
the work considers the repeatability of the noise source prototype,
although by considering a limited number of nominally identical
samples.

Experimental prototypes of the noise source circuits

The experimental prototypes of the noise source are illustrated
in Figure 2. By considering the earlier analysis [15], an additional
prototype of the HBT source has been built in this work. The two
circuits are named “Circuit A” and “Circuit B” in the following
description, where the first one was employed for the K band char-
acterization, inside the 24− 32GHz frequency range, as well as for
thermal drift analysis. The second circuit was employed for mea-
surements inside the C and X bands, in the 4− 6 and 10− 12GHz
frequency ranges, respectively.

The boards employed for the two DUT sources were obtained
from the PCB of a larger radiometer system where the proposed
noise source has been implemented. Because of that, the PCB pro-
totypes of Figure 2(a) and (b) include some isolated components
and RF structures, which do not affect the DUT characterization
measurements.

By considering “Circuit A” and the simplified schematic
in Figure 2(c), the base-emitter (BE) junction of the noise-
generating HBT, which is a BFP620F from Infineon, was driven
into avalanche breakdown by a reverse DC biasing voltage (VEB),
through an appropriate filtering network. In the proposed cir-
cuit, a high-voltage level translator was employed to switch the
junction bias (VNS), which comes from an external controlled sup-
ply (PL303), in a static or switching mode; this component is a
DGD0105 Mosfet gate driver IC, from Diodes Inc., and it is high-
lighted in Figure 2(a). Thanks to this, the DUT can be driven in
Hot or Cold noise-generating states according to a logic-level input

signal, which proved necessary during the thermal characteriza-
tion procedure of the source, described in Section 4.

By considering “CircuitA” forKbandmeasurements, the supply
filtering and the output decoupling networks have been designed
without impedance matching concerns. Since the main aim of the
work was to characterize the temperature drift and generated noise
power performances, also by considering a wideband noise source
operation, a possible impedance-matching section was therefore
not designed at this stage. With reference to Figure 2(c), the gener-
ated noise power is collected at the emitter terminal of the HBT
after a DC-blocking capacitor COUT = 10 pF, while the bias-
ing network providing the avalanche supply to the BE junction is
composed of a simple dual-stage RC filtering network, whose com-
ponents are R1 = 1.8 kΩ, R2 = 470Ω, C1 = 1 nF, and C2 = 10 pF.
This network is also needed to stabilize the biasing source output
impedance in the widemeasurement bandwidth. In the “Circuit A”
prototype, the RF transmission line carrying output noise power,
and the supply line for filtered DC biasing current, are connected
to the opposite emitter terminal pads of the discrete HBT package,
which consists of a four-lead SMD TSFP-4-1. This design detail
was exploited in the main radiometer board to improve physical
and electrical separation of RF and DC signals within the PCB;
this is however, non-optimal for the characterization because of
the bias filtering network, which cannot be de-embedded from
measurement results [15].

The filtering and bypassing component values in “Circuit A”
prototype proved to be non-optimal formm-Wave band operation;
the high-value resistors also limit the maximum biasing current
to under 7mA because of the 15V supply voltage limit for the
level translator.The component values have been chosen as a start-
ing point from another work [16], which analyzes a similar noise
source prototype also built on a discrete HBT; the experimental
characterization is however, limited to the lower C band.

From a characterization of the DUT output impedance, carried
out by VNA measurements and a subsequent de-embedding pro-
cedure, the optimal value of thematching and filtering components
that maximize output noise power or Excess Noise Ratio (ENR) in
a given bandwidth can be estimated [8, 13, 14]. This is, however,
unnecessary in this work, which analyzes temperature drift and
mismatch error correction techniques in a general and wideband
use case.

It is possible to recall the standard definition for the ENR, which
will be employed in the following description,
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(c)

Figure 2. DUT noise source prototypes. “Circuit A” (a) employs an RC biasing
network visible in the schematic diagram (c) with a high-speed level
translator. “Circuit B” (b) employs no biasing or decoupling components.

ENR ≜
TH
G − TC

G
290K , (1)

where TH
G and TC

G are respectively the Hot and Cold equiva-
lent noise temperatures from the source. This simple relation is
valid by supposing a perfectly impedance-matched setup, with no
interconnection losses affecting the DUTs, at the standard 290K
IEEE reference temperature. The mentioned non-idealities will be
corrected by a de-embedding procedure.

The “Circuit B,” employed for C and X band measure-
ments, includes no biasing or decoupling network. The PCB
is employed solely to physically support the active device and

the RF connector, so an external bias-tee has been used dur-
ing performance evaluation of this prototype. This setup allows
a higher value of the maximum biasing current that can be
injected in the BE junction during the test procedure, since no
external resistive elements are present in the circuit. The con-
figuration also allows the complete de-embedding of the active
device up to the emitter terminal pad. In both noise source
prototypes, the generated noise power is collected through a
3.5mm coaxial connector, specified for a cut-off frequency of
40GHz and an associated insertion loss of under 0.4 dB. The
employed PCB substrate is Rogers RO-4350B, the board is 254 μm
thick [15].
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The “Circuit A” prototype was also employed for the tempera-
ture drift characterization, the latter carried out in the K band only
[15]. Because of that, a Texas Instruments TMP236 temperature
sensor IC is located in this circuit, which is visible in Figure 2(a).
This sensor monitors the PCB temperature, which is necessary for
the subsequent thermal drift compensation of the noise power and,
to maximize thermal coupling between the sensor package and the
noise-generating HBT, the first one was physically placed as near
as possible to the second one. The sensor is connected to the low
thermal resistance ground plane bymany via holes, also needed for
output CPW line grounding; these also limit EM coupling between
the two mentioned devices.

Description of the experimental setup

In the proposed work, the performances of the noise source pro-
totypes were evaluated by two measurement stages. In one of
them, spectral noise power distribution is considered and, after
a de-embedding procedure, the maximum available ENR value,
which is obtainable under ideal lossless and impedance-matched
conditions, is provided.

During this procedure, which was repeated in “Circuit A” for
the K band and in “Circuit B” for the C and X bands, an HP8564A
spectrum analyzer was employed for data acquisition.

The aim of the second measurement stage, which was carried
out only for the K band on “Circuit A,” is the characterization of
generated noise thermal stability and its linearity over avalanche
bias current, which is named I0 in the following description [15].
For this measurement step, a Keysight U2002A power meter was
employed.

In both measurement stages, the output noise power from the
DUT is expressed in terms of ENR, whichwas obtained by employ-
ing the Y-Factor procedure, which is widely adopted in literature
for experimental noise performance estimation in single- and
multi-port networks [14, 17, 18]. It ideally compensates for noise
figure and insertion losses introduced by themeasurement setup, if
these effects remain unchanged between different measurements.
Because of that, an extended form of the Y-factor method was
employed to account for impedancemismatches and physical tem-
perature differences between the DUT and the measurement setup
blocks.

By considering two generic noise sources, namely S1 and S2,
which are inserted into a genericmeasurement setup as in Figure 3,
it is possible to relate the ENR of both sources as

ENR(S1) + 10 log10 (
Y (S2)
OUT − 1

Y (S1)
OUT − 1

)

= ENR(S2) + 10 log10 (
T(S1)
INC

+ TEQ

T(S2)
INC

+ TEQ

) ,

(2)

where TEQ is the equivalent noise temperature at the measurement
setup input, TINC

is the cold-state noise temperature delivered to
themeasurement setup input, as in Figure 3, which can be different
between S1 and S2 because of DUT impedancemismatches (ΓS) or
non-equal physical temperatures (TD

0 ); while

YOUT ≜
TH
OUT

TC
OUT

≡
TINH

+ TEQ

TINC
+ TEQ

, (3)

is defined as theY-factor of themeasured, output noise temperature
from the setup chain. One of the two noise sources is defined as the
reference for theY-factormethod, namedREF; in the presentwork,

Figure 3. Block diagram of the measurement setup, for spectral, integrated-power,
and thermal drift evaluation. The main variables include physical temperatures
(blue), noise ones (red), and reflection coefficients (black).

(a)

(b)

Figure 4. Experimental setup for spectral and integrated-power measurements in
the K band, for the “Circuit A.” Preamplifier chain block diagram in (a). The output
power meter (Keysight U2002A) is visible in (b).

this is a Keysight 346C standard noise source whose ENR, defined
at the standard IEEE reference temperature of 290K, is here named
ENRR, and it is equal to 15.7 dB averaged in the 24 − 32GHz fre-
quency range (K band), while for the C and X bands, the ENRR is,
respectively, equal to 18.0 dB averaged in the 4− 6GHz frequency
range and to 17.1 dB averaged in the 10−12GHz frequency range.

In the present analysis, because of differences between the DUT
physical temperature, TD

0 , and the REF one, TR
0 , the estimated

ENR values from (2) should be compensated for that. Finally, due
to DUT output and measurement setup input impedance mis-
matches, not only will the ENR be degraded because of return loss,
but unwanted contributions arising frommeasurement setup phys-
ical temperatures will also be introduced, for example, that of the
input attenuator, TA, visible in Figure 4, which is employed in the
measurement setup of “Circuit A.” The measurement setup ambi-
ent temperature, T0, will also affect the ENR results because of
impedance mismatches. This is an effect which is not modeled in
the simplified Y-factor method, which assumes instead perfectly
matched blocks [7, 12, 14], and because of that, some considera-
tions regarding these uncertainty sources have been provided in
Section 3.1.
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In this measurement setup, the ENR stability over time is
mostly dominated by the DUT self-heating errors, because of the
avalanche current which alters the TD

0 locally at the EB junction.
In order to reduce these effects, an automatic measurement pro-
cedure which applies narrow I0 bursts was adopted, by switching
the on-board high voltage level translator with an external con-
trol signal, for “Circuit A”; and by directly switching the VNS, for
“Circuit B.”

Noise temperature transfer function, from DUT source to
measurement setup

By considering the high-level block diagram of the measurement
setup, in Figure 3, it is possible to see the main variables affecting
measurement results, which are not considered in the conventional
Y-Factor method of (2).

The black symbols represent impedance mismatch coefficients,
the red ones represent equivalent noise temperatures, while the
blue ones represent physical temperatures. Some variables are sep-
arately defined for DUT – (D) and REF – (R) sources, as indicated
by the D/R superscript, but also for Hot – (H) and Cold – (C)
noise-generating states, as indicated by the H/C subscript. The
same definition applies to the intrinsic noise generator tempera-
ture, TG, and its reflection coefficient ΓG, while ΓS is the source
one at the measurement setup input plane.

First, the noise source can be separated into an intrinsic noise
generator and a linear loss network, located before the outputmea-
surement plane of the source. The loss network (SL) S-parameters
are defined for the DUT source only, the REF one is already de-
embedded at the output connector by factory calibration so it was
considered ideal.

The noise temperature delivered to the measurement setup
input can be expressed as a combination of the generator temper-
ature (TG), the device physical one (T0) and also a reverse-flowing
noise temperature (TR) which exists the measurement setup input
towards the source,

TIN = [ PL
PAVS

] ⋅ TG + [ PL
PAVN

] [PAVS − PAVN
PAVS

] ⋅ T0

+ [PAVN − PL
PAVN

] ⋅ TR ,
(4)

which can be rewritten in the form [12],

TIN = 𝛼mΥTG + 𝛼m(1 − Υ)T0 + (1 − 𝛼m)TR , (5)

by defining the αm and Υ symbols as

Υ ≜ [PAVNPAVS
] ≤ 1 , 𝛼m ≜ [ PL

PAVN
] ≤ 1 ,

Υ ⋅ 𝛼m ≜ [ PL
PAVS

] ≤ 1 ,
(6)

where Υ can be considered equivalent to the Available Gain (GA)
from the Network, αm is a power mismatch factor between the
noise source output and the measurement setup input, Υ ⋅ 𝛼m is
equivalent to the Transducer Gain (GT),

Υ ≡ GA =
(1 − |ΓG|2)⋅|S21|2

(1 − |ΓS|2)⋅|1 − S11 ΓG|2
, (7a)

𝛼m =
(1 − |ΓI |2)⋅(1 − |ΓS|2)

|1 − ΓI ΓS|2
, (7b)

Υ𝛼m ≡ GT =
(1 − |ΓI |2)⋅|S21|2⋅(1 − |ΓG|2)

|1 − ΓI ΓS|2 ⋅ |1 − S11 ΓG|2 . (7c)

The three quantities are less or equal to unity since the SL net-
work in Figure 3 is passive. As it will be shown in the following
description, the only relevant term in this analysis is αm, (7b), with
particular concern at its denominator since the |1 − ΓI ΓS| term
gives rise to frequency ripple in the ENR spectral distribution,
which should be compensated because it is due to themeasurement
setup only [13].

Description of measurement procedures

The different measurement procedures employed, which include
total-power (frequency integrated) and spectral power distribu-
tion of the noise generated signal, were chosen because of differ-
ent requirements of accuracy, resolution, and measurement speed
needed for the maximum available ENR estimation and ther-
mal drift analysis measurement stages, respectively. By recalling
Figure 3, the output plane of the preamplifier and biasing network
was connected alternatively to the SA or to the power meter. The
possible differences in impedance mismatch observed at the setup
output plane do not affect the measurements, since this issue is
totally compensated after system normalization, by the Y-factor
method [4, 6]. Since the U2002A power meter is characterized for
a 10MHz − 26.5GHz measurement bandwidth, in the K band
setup, the instrument was normalized by comparison with the
HP8564 SA response, by considering the whole cascade, includ-
ing the input bandpass-filter, as shown in Figures 3 and 4(b). This
procedure is unnecessary for the C and X band setup, shown in
Figure 5. In Figure 6, the frequency response of such cascade is
illustrated, where the pass-band insertion loss was normalized at
0 dB by comparison with the SA response, which was considered
flat as the instrument covers a 40GHz bandwidth.The zero value is
not critical since the Y-factor compensates for gain errors in TOUT
estimation. From Figure 6, the pass-band of the filter and power-
meter cascade is sufficient to evaluate measurements inside the
24−32GHz frequency range, since the equivalent noise bandwidth
characterizes this measurement, and it covers the aforementioned
frequency range.

Introduction of K bandmeasurements for the “Circuit A”

In the K band measurement setup, visible in Figure 4, some sim-
plifying assumptions have been made. First, a 6 dB attenuator has
been placed at the measurement setup input plane. This com-
ponent reduces the risk of possible LNA instabilities due to the
mismatched DUT noise source; it also lowers the ΓI setup reflec-
tion coefficient at the same plane [12, 17].Thanks to this attenuator,
the magnitude of the undefined reverse noise temperature TR is
reduced by the A attenuation factor; a fraction of its physical
temperature TA is also added to the equivalent input one (TEQ),

TR = T′
R
A + TA ⋅ (1 − 1

A) ∼ TA , (8)

where T′
R is the reverse noise temperature entering the attenuator,

from the first LNA input. Thanks to a sensor physically located on
the attenuator body, as visible in Figure 4, the TA can be accurately
monitored also during the DUT board heating in the temperature
drift analysis measurements [17, 18]. In the following description,
the attenuator temperature difference over the ambient one proved
to be negligible, so the TA = T0 simplifying assumption was
accepted.

By recalling the (5), after supposingTR ≈ TA = T0, it is possible
to employ the groupedmismatch and loss coefficients only, defined
in (7c), which are named as (𝛼mΥ) ≜ Mi

j for convenience,
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(a)

(b)

Figure 5. Experimental setup for spectral noise power measurements in the C and
X bands, for the “Circuit B.” The amplifying and DC biasing chain includes an input
circulator (*), which can be employed for the C band measurements only to better
evaluate mismatch-introduced errors.

MD/R
H/C

Δ=
(1 − |ΓG

D/R
H/C|2)⋅(1 − |ΓI |2)⋅|S21|2

|1 − ΓS
D/R
H/C ΓI |2 ⋅ |1 − S11 ΓG

D/R
H/C|2

, (9)

The TIN in (5) can also be redefined as

TIN
D/R
H/C

Δ= MD/R
H/C ⋅ TG

D/R
H/C + (1 − MD/R

H/C) ⋅ T0 , (10)

which is the noise power transfer function, employed for the
characterization of “Circuit A” prototype.

Introduction of C and X bandmeasurements for the “Circuit B”

In order to validate the feasibility of the Noise Source in a wide-
band environment, a characterization of the generated noise power
performance has also been evaluated in the C and X bands, by
employing “Circuit B” prototype.Thismeasurement stage does not
consider thermal drift analysis, as already done in the “Circuit A”
prototype, so a power-integrated measurement procedure was not
made.

In the C and X band measurement setup, which is visible in
Figure 5, a connectorized bias-tee (Mini Circuits ZFBT-6G-FT+)
was employed for the external HBT biasing, since the prototype
does not include any DC bias filter or bypass network. For the C
bandmeasurements only, a circulator connected as an isolator with
the third port terminated into a matched load was also used. This
device is a Raditek RADC-5.75-5.85 and was placed between the
bias-tee and the first LNA input; it was used to lower the ΓI , since
the employed LNAs (HMC441) are characterized for aworking fre-
quency bandwidth of 6 − 18GHz and therefore are substantially
mismatched in the lowest part of the tested bandwidth, starting at
4GHz, as it can be seen in Figure 7(a). This also allows the valida-
tion of mismatch error compensation, described in the following
subsection [8, 12, 13].

The TIN and the loss coefficientMD
H/C definitions are exactly the

same ones as those employed for the K band characterization, in

Figure 6. Frequency response of the bandpass filter and cascaded U2002A power
meter (APD(f )), normalized by comparison with the HP8564A SA frequency
response (ASA(f )), as in Figure 3.

(a) (b)

Figure 7. Input reflection coefficient (a) for the C and X band setup of Figure 5; the
circulator was employed for C band only. PCB and connection losses between the
HBT and measurement setup input planes (b), for “Circuit B.”

(10) and (9), respectively. In Figure 8 it is possible to see the I0-
to-VEB response of the avalanche-driven HBT junction, as well as
the associatedDC biasing power PDC and the differential resistance
RDC.

Spectral distribution measurements and de-embedding

By considering “Circuit A” and “Circuit B” prototypes, the one-
port de-embedding procedure was carried out in the DUT source
PCB by connecting reference open, short and matched loads at
the emitter pad of the unmounted HBT, at one end of the out-
put transmission line. The procedure is useful in removing losses
associated with DC bypass components, RF connector and PCB
substrate material but, with regard to “Circuit A” only, it does not
extract loss contributions arising from the RC filtering network,
physically located at the otherHBT emitter pad as well as the whole
HBT package parasitics, which are here considered as an intrinsic
part of the source. In Figure 9, it is possible to see two DUT source
reflection coefficients before and after the de-embedding proce-
dure, recorded at two extreme I0 points of 240 μA and 6.71mA
respectively, which are named ΓS

D
H and ΓG

D
H by looking at Figure

3. The first one is directly measured by the VNA, while the second
one is extracted by employing the calculated loss network matrix,
which includes the whole mentioned losses and mismatch contri-
butions between the HBT emitter pad and the prototype output
reference plane, which is also equal to the VNA input one. Due
to the limited bandwidth of the instrument, this de-embedding
procedure was provided in a 24.5 − 26.5GHz frequency range.

In Figure 10, the ΓG
D
H is shown for “Circuit B”; the results are

de-embedded from PCB and interconnection losses (Figure 7(b))
in the 3.5 − 12GHz frequency range for a VEB = VNS spanning in
the 4.00 − 5.50V range.
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(a)

(b)

Figure 8. DC characteristics of the avalanche-driven EB junction, for the “Circuit B.”
The I0-to-VEB relation is shown in (a), while biasing power and DC differential
resistance are shown in (b) as function of VEB.

(a) (b)

Figure 9. “Circuit A” output reflection coefficients at I0 measurement extremes, for
the K-band in a 24.5 − 26.5GHz bandwidth [15]. Measured (a) and de-embedded
(b).

In Figure 10(b), the ΓG
D
H magnitudes are reported; the dashed

curve includes calculated values by employing the DC junc-
tion differential resistance (RDC) in Figure 8(b). Considering an
unmatched source operation, it is possible to identify an optimal
value of bias voltage (VEB, opt) of 4.8 − 5.0V, at an avalanche cur-
rent of 5 − 7mA, which minimizes the noise source return loss;
this can be useful for the unmatched operation of the DUT, up to
the X band.

For “Circuit B,” it is not generally possible to say that TR ≈ T0
when the circulator is not employed, because of the lack of a wide-
band resistive attenuator before the preamplifier network, which is
instead used during “Circuit A” testing [7, 8, 17]. In this case, by
recalling the (5), the difference between hot and cold state noise
temperatures, from the DUT source to the measurement setup
input, can be expressed as

(a)

(b)

Figure 10. “Circuit B” measured output reflection coefficients in the 4.00 − 5.50V
bias voltage, for the 3.5 − 12GHz bandwidth. Magnitudes (b) include a dashed
curve of the resistive-only mismatch calculated with RDC (Figure 8(b)).

ΔTD
IN = 𝛼mH

ΥH ⋅ ΔTD
G

+ (𝛼mH
− 𝛼mC

) ⋅ (TD
0 − TR) ,

(11)

where it is possible to see the unknown (TD
0 − TR) contribu-

tion affecting the measurement results, especially for low values of
TD
G . This effect is not compensated by the conventional Y-Factor

method; so it affects the measurement results if not accounted for.
In reality, it is possible to estimate this quantity by measuring out-
put noise power from the measurement setup, by replacing the
DUT source alternatively with matched and short loads, since in
these cases we have αm = 1 and αm = 0, respectively [12]. The
matched/short characterization was made in both X and C band,
the latter by using “Circuit B” with and without input circula-
tor. The resulting shift in output noise power was recorded to be
under 0.5 dB, which is a value comparable to the SA accuracy, so
the assumption that TR ≈ T0 was employed even in this anal-
ysis. Another reason for the approximation is that the quantity
(𝛼mH

− 𝛼mC
) in (11) is maximum near VEB, opt , when the differ-

ence between |ΓD
GH

| and |ΓD
GH

| ∼ 1 is also maximum, by recalling
Figure 10(b).This is also the point near the peak of TD

G , as it can be
seen from Figures 11 and 12, so the (TD

0 − TR) influence on ENR
estimation is negligible.

In order to estimate the maximum available DUT output tem-
perature (TD

G ), defined at the Emitter pad of the HBT, an indirect
procedure was employed, for both prototypes, as follows. By using
the |S21|2 from the calculated loss network matrix of Figure 3 and
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(a)

(b)

Figure 11. C band ENR spectral distribution, for “Circuit B” in a 4 − 6GHz
bandwidth, at TD

0 = 21 ∘C. The averaged result is shown considering the same
bandwidth. Results in (a) include mismatch and loss compensation of the source, in
(b) no compensation was done.

the experimentally derived ΓD
G and ΓD

S in Figures 9 and 10, the
MD

H/C loss coefficients in (9) can be completely defined for theDUT
source,

MD/R
H/C ≈(1 − |ΓG

D/R
H/C|2)⋅|S21|2 , (12)

where, as a simplifying assumption, a negligible reflection coeffi-
cient ΓI is supposed at the attenuator input of the K band setup
(Figure 4), since the −10 dB worst-case input return loss of the
HMC1040 LNA and the added 6 dB attenuation. For the C and X
band setup of Figure 4, theΓI were accuratelymeasured to evaluate
a possible impedance mismatch correction [8, 10, 19]. The results
are illustrated in Figure 7(a).

It was also supposed that all physical temperatures in the whole
measurement setup were equal to the ambient one, which was
recorded at T0 = 21 ∘C, thanks to the switching operation of the
biasing source (VNS), which helps in reducing the DUT junction
self-heating errors, as described in Section 3.

The fitting procedure is iterative; a hot-state (DUT switched
on) TG

D
H can be estimated and this value, applied to (10) with the

known loss contribution, for example Figure 7(b) for “Circuit B,”
should ensure that the resulting TD

IN (loss-affected) fits with the
experimental data obtained by spectral power measurements.

For K band, in “Circuit A,” this is shown in Figure 13, where
the resulting data is presented in terms of ENRD

(f ) along with the
best fittings. The results are frequency-limited in the mentioned
instrument bandwidth; after the procedure a frequency-averaged
fitting error of under 0.3 dB has been observed. For C and X band

(a)

(b)

Figure 12. X band ENR spectral distribution, for “Circuit B” in a 10 − 12GHz
bandwidth, at TD

0 = 21 ∘C. The averaged result is shown considering the same
bandwidth. Results in (a) include mismatch and loss compensation of the source, in
(b) no compensation was done.

Figure 13. ENR spectral power distribution, from “Circuit A” measurements in
K-Band [15]. The source was biased at two I0 in the 24.5 − 26.5GHz bandwidth.
Maximum available ENR was obtained by estimating a TD

G in (10) for which the best
fitting is achieved between the calculated (loss-affected) TD

IN and the measured one.

measurements in “Circuit B,” an additional procedure is needed to
complete the de-embedding in this prototype because of the sig-
nificant ΓI . By recalling the loss coefficients (9), after applying the
Y-Factor method, a multiplying factor remains to be compensated

MD
H/C

MR
H/C

≈
(1 − |ΓG

D
H/C|2)⋅|S21|2

|1 − ΓS
D
H/C ΓI e j2𝛽l|2

, (13)
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(a)

(b)

Figure 14. C band (a) and X band (b) ENR spectral distribution, for “Circuit B,” in
the 4 − 6GHz and 10 − 12GHz frequency ranges, respectively. The device
temperature is constant at TD

0 = 21 ∘C. All values are corrected by considering
source and measurement setup mismatches.

where |S21|2 is corrected with the loss matrix (Figure 7(b)) as in
the previous K band procedure, while e j2𝛽l represents a possible
measurement error in reflection coefficient phases, modeled by a
length (l) of transmission line between DUT output and measure-
ment setup input planes. The |1 − ΓS

D
H/C ΓI e j2𝛽l| term is critical,

since phase errors give rise to an erroneous ripple in the ENRD
(f )

estimation. In this case, a fitting procedure was employed, by esti-
mating a (2𝛽l) phase term for which the ENRD

(f ) peak-to-average
ratio is reduced in a given bandwidth. Such results are visible in
Figure 14(a) and (b), where a ripple under ± 1 dB still remains at
the extreme VBE where the mismatch is higher.

The TG
D
H noise temperatures calculated after these procedures

are considered the maximum available from the HBT device, in a
lossless and perfectly matched environment [12, 13]. When esti-
mating the maximum ENRD

(f ), a magnitude decay of ω−2 was also
included, this is necessary due to the physical model of avalanche
noise current spectral density in semiconductors, which presents a
similar decay [5, 20],

⟨ ina ⟩2 =
2q I0
𝜔2 𝜏 2

x
, (14)

where I0 is the breakdown current and τx is the average time
between two ionizations. However, no further assumptions can be
made with (14) model; it cannot be used to obtain the theoreti-
cal noise power here, because the equivalent admittance appearing
in parallel to the ina noise current generator cannot be extracted
in this work due to the need of a very accurate model concerning

HBT package parasitics, which was not available at the time; this
can be efficiently done in integrated processes instead [4, 6].

After considering the maximum I0 = 6.71mA for “Circuit A”
prototype, a maximum available ENRD

(f ) between 16.2 and 15.5 dB
was estimated for the 24.5−26.5GHz frequency range, as reported
in Figure 13.

For the “Circuit B” prototype, by considering a biasVEB = 5.1V
and a I0 = 6.9mA, a maximum available ENRD

(f ) between 25.6 and
24.8 dBwas estimated for the 4−6GHz frequency range (C band);
while for the X band the same quantity varies between 22.6 and
22.1 dB in the 10 − 12GHz frequency range. The mentioned data
is shown in Figures 11(a) and 12(a), respectively.

The I0 = 6.9mA is also the optimum bias for which the not-
mismatch-compensated ENRD

(f ) peaks, at 24.1 − 23.1 and 20.8 −
19.7 dB for the C and X band, respectively, as in Figures 11(b) and
12(b).The noise sourcematching is good at this bias point, because
of the optimum RDC, Figure 8(b), allowing a satisfactory wideband
operation of the noise source in the tested bandwidth, evenwithout
additional impedance matching, Figure 10(b).

Integrated noise power measurements and thermal stability
considerations

This measurement procedure was employed for the K band only,
by using “Circuit A” prototype. The measurement setup is shown
in Figures 3 and 4. The filter, power-meter cascade replace the
SA at the preamplifier output plane. A total-power measurement
allows a better resolution in estimating noise power drifts dur-
ing the thermal stability evaluation. Sincemeasurement bandwidth
exceeds that of the N5242A VNA, no de-embedding was applied
to these results; the loss network contribution is here considered as
an intrinsic part of the DUT source; the generated output noise
temperature and ENR are referenced at the RF-output plane in
Figure 2(a). The noise is power-integrated in the 24 − 32GHz
bandwidth and no impedance mismatch compensation has been
made, so these results, defined ENR

D
here, should not be related

to ENRD
(f ), illustrated in Figure 13, which are instead frequency-

punctual.
Themeasuring procedure startedwith a linearly-variable I0 cur-

rent, the DUT physical temperature (TD
0 ) is a parameter which

was changed after every I0 sweep, by physically heating the proto-
type PCB. To obtain the best measurement accuracy, the physical
temperature of the DUT, REF sources and every device in the
measuring chain should be the same, like in the previous section
discussion, since the off-state noise temperature at the measuring
chain input, TIN

D
C , would be equal to TD

0 = T0 = TA, inde-
pendently of reflection coefficients, as shown considering the (10).
However, this state is unfeasible in the measurement procedure, so
the DUT only was heated at TD

0 ≥ T0 = TA and some error arising
from TD

0 difference should be expected.
The differences in loss-affected output noise temperatures

between hot and cold states, evaluated at the attenuator input plane,
Figure 4(a), are obtained by rearranging (10) and are necessary for
Y-factor calculation. These values are now defined as

ΔTD
IN = MD

H ⋅ ΔTD
G + (MD

H − MD
C )(TD

0 − T0), (15)

where TR
0 = T0. Statistical independence among thermal noise

power (TD/R
0 ) and avalanche-generated one (ΔTD/R

G ) was also sup-
posed, so TG

D/R
H = (TD/R

0 + ΔTD/R
G ) [5, 20]. For the REF noise

source
ΔTR

IN = MR
H ⋅ ΔTR

G. (16)
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From (15) it is possible to see the DUT physical temperature
(TD

0 ) affecting measurement results, an effect originating from
impedance mismatch and especially its fluctuations between hot
and cold states. At the REF source’s output (16), a good match-
ing and a negligible ΓR

S fluctuation between hot and cold states are
supposed, so MR

H ≈ MR
C ≈ (1 − |ΓI |2). This term is removed

after applying the Y-factormethod since it is common toMD
H/C and

MR
H/C.
It should be recalled that in this setup (Figure 2(a)), the LNA

input return loss, which is not worse than −10 dB as specified
by the HMC1040 datasheet, is further improved at the ΓI plane
by −12 dB because of the matching pad. The mismatch error is
temperature-linear in the first approximation, so it can be com-
pensated in real-time thanks to the TMP236 on-board temperature
sensor.

The reduction in output noise performance (ΔTD
IN) due toMD

H is
undesired, but it is not an accuracy concern; since DUTmismatch
is mainly bias-dependent, with values shown in Figure 9, it can be
included inside the ENR−I0 dependency when defining the fitting
model. In Figure 15, the ENR

D
values are shown, for two I0 sweeps

and after considering theTD
0 extremes in the range 21−102∘C.The

non-calibrated ENR
D
magnitude stability over ambient tempera-

ture was poor, as the recorded maximum drift was approximately
0.8 dB at the I0 = 6.71mA and TD

0 extremes, where an associated
ENR of 10.8 dBwas reported.This quantity translates to an error of
±293K at the highestTG

D
H = 3470K, which could be unacceptable

even for an industry-oriented use-case [3, 8, 11].
The fitting law was chosen after considering the hypotheses

mentioned in (14), (15), and (16); the proposedmodel is composed
of three parts. The main term f1(I0) is dominated by the DC bias
current as in (14) [5, 20],

f1(I0) ∝ ΔTD
G ∝ ⟨ ina ⟩2 ∝ I𝛼

0

ENRD
(dB) ∝ c log(I0) ,

(17)

where α and c are fitting constants.The remaining terms f2(I0) and
f 3 were employed to account for ambient temperature drift effects,
where a first-order relation was supposed,

f2(I0) , f3 ∝ ΔENRD
(dB) ∝ (a ⋅ I0 + b) ⋅ TD

0 , (18)

where a and b are also fitting constants. This term is necessary
because of ΓD

S and ΓD
G that are not only I0-dependent, but also TD

0 -
dependent, so the latter cannot be separated. It is also necessary to
recall avalanche breakdown physics, where noise-generated spec-
tral current density as seen in (14) slightly decreases with junction
temperature because τx increases with it [4–6].

Finally, in Figure 15 it is also possible to see the relative error in
the ENR

D
magnitude fitting estimation, where an average value of

0.6% is reported, and thatmeans an amplitude of the error interval
of 0.05 dB when the same maximum TD

0 and I0 ranges are consid-
ered. The minimum error at I0 = 5.8mA is 0.23%, or 0.022 dB.
The relative error is also shown for the TD

G estimation, where an
average value of 1.7% was obtained in the considered setup. The
minimum relative error of 0.92%, or TG

D
H = (3031 ± 14)K, was

obtained at I0 = 5.8mA.
At the end of this analysis, by employing Table 1 model, the

evaluated relative drift error is comparable to instrumentation
accuracy, so the proposed calibration law proves to be effective. In
a real use-case, where the employed devices are generally located
in a single-PCB system, the temperature-related errors could also

(a)

(b)

Figure 15. ENR
D

(dB) obtained after integrated-power measurement in a
24 − 32GHz bandwidth; TD

0 at the extremes of 21 − 102 ∘C (a). Relative error,
estimated for the proposed fitting model (b), in the same conditions [15].

Table 1. ENR
D
current and temperature fitting parameters, defined at T0 =

21 ∘C for the “Circuit A” [15]

ENR
D Δ= f1(I0) + f2(I0) ⋅ (TD

0 [∘C]) + f3 [dB]

f1(I0)
Δ= c ⋅ log10(I0 [A]) = 15.73 ⋅ log10(I0 [A]) [dB]

f2(I0)
Δ= a ⋅ (I0 [A]) + b = −0.8647 ⋅ (I0 [A])

+ 1.592E − 3 [dB]

f 3
Δ= d = 45.11 [dB]

be lower, because of the reduced physical temperature gradients
between circuit components, in such environment.

The ENR
D
magnitude degradation due to mounting board,

interconnection and impedance mismatch losses are here signifi-
cant, as observed by comparing the unmatched, power-integrated
results in Figure 15 with the spectral, de-embedded ENRD

(f ) results
in Figure 13, by looking at Section 4.3.

The resulting DUT noise source accuracy can be considered
acceptable for practical industrial applications, for example in
industrial radiometer systems such as the Dicke-based ones, which
require noise temperature reference with noise temperature com-
parable to the target temperature range [3, 9, 11].

Repeatability considerations

In order to characterize the repeatability of a noise source built
on the proposed technology, an additional measurement phase
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(a)

(b)

(c)

Figure 16. Repeatability of ENR
D
(integrated-power) performances, for “Circuit B”

in the 4 − 6GHz bandwidth at TD
0 = 21 ∘C, considering a sample of 10 BFP620F

HBTs. Mismatch and loss compensated results in (a), no compensated results in (b).
Junction DC characteristics in (c).

employing power-integrated noise estimation has been made.
These results, here defined as ENR

D
, are obtained from “Circuit

B” prototype in a 4 − 6GHz bandwidth, by employing the mea-
surement procedures illustrated in Section 4.3. The environment
temperature was also recorded during the whole measurement
phase; it was constant at TD

0 = 21 ∘C.
The results are shown in Figure 16; the original source, here

named “DUT 1,” which is also the one employed for “Circuit
B” characterization in the previous sections, is reported by using
dashed lines for compensated and non-compensated ENR results
as well as for the junction DC characteristics. The other nine
DUTs are obtained after having replaced the source HBT with an
equivalent one (BFP620F by Infineon) taken randomly from a dif-
ferent production lot.The aforementioned data is also summarized
in Table 2, by considering the average value and measurement
uncertainty for each quantity.

Table 2. Maximum ENR
D
performance, from results in Figure 16. The I0 and

VEB are measured at the max(ENR
D
) point

Source max(ENR
D
) VEB I0

figure (dB) (V) (mA)

16(a) 25.74 ± 0.12 5.035 ± 8.1E − 3 18.3 ± 1.03

16(b) 23.47 ± 0.14 4.92 ± 2E − 3 9.96 ± 0.35

Table 3. State-of-the-art comparison for avalanche noise sources

Ref.
Device Active Frequency ENR Temp. drift
technology device (GHz) (dB) analysis

[4] 130 nm p-i-n diode 1–40 19–36 Yes1

BiCMOS –

[6] 90 nm bulk junction 3–26.5 25–27 N.A.

CMOS –

[16] discrete HBT be junction 0.5–4.5 15–25 N.A.

COTS –

[21] 130 nm HBT bc junction 50–70 15–20 N.A.

BiCMOS –

[TW] discrete HBT be junction 4–322 12–26 Yes

COTS –
1No temperature drift calibration provided.
2Segmented frequency characterization in C, X, and K bands.

A significant difference in the DC junction characteristics is
observable from Figure 16(c), in both avalanche knee voltage
and differential resistance quantities, especially by considering the
“DUT 1” trace, which comes from an older production lot. This
effect translates to a discrepancy in the ENR

D
-to-VEB relation,

as visible in Figure 16(a) and 16(b). The optimum bias voltage
(VEB, opt) for the unmatched operation (cf. Figure 10(b)) is also
shifted because of the knee voltage spread; the average value is
4.92Vwith an associated avalanche current of I0 ≈ 10mA, slightly
higher than the estimated 5 − 7mA for “DUT 1,” in Section 4.3.

By considering the max(ENR
D
) performances, reported in

Table 2, obtained after measuring random DUTs from two pro-
duction lots, the resulting data is compatible with the previous
estimations in Section 4.3, where only the single “DUT 1” was con-
sidered. However, the associated uncertainty could be excessive in
a precision use-case, so an initial calibration of the generated noise
power level may be generally required in such applications, when
a random active device is chosen from a production lot.

Conclusions

This paper has dealt with the operation principle and the wideband
characterization of a multi-purpose, low-cost, temperature cali-
brated noise source built with Commercial Off-The-Shelf (COTS)
components [15]. Two prototype boards were developed and dis-
cussed, both using the same BFP620F HBT. The complete analysis
has covered the C, X, and K bands, in the frequency ranges of
respectively 4−6, 10−12, and 24−32GHz. In Table 3, the achieved
results [TW] are thoroughly compared to the state-of-the-art.

For what concerns the prototype labeled as “Circuit A,” the
K band characterization, exhibited a loss-compensated maximum
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available ENRD
(f ) in the 12.5 − 16.2 dB range, for an I0 in the

4.11 − 6.71mA range. For the same prototype, power-integrated
measurements in the same frequency band, without loss or mis-
match compensation, shown an ENR

D
= 10.8 dB and a tem-

perature drift of 0.8 dB, when TD
0 was swept in the 21 − 102 ∘C

range. After employing a first-order temperature-fitting model, an
error in ENR

D
under 0.05 dB, equivalent to 0.6%, was obtained.

The noise temperature calibration can be operated by using an on-
board low-cost temperature sensor IC, for TD

0 monitoring. In this
case, by identifying an optimum I0 = 5.8mA, an estimated (3031±
14)K noise temperature accuracy was recorded after applying the
fitting model.

Concerning “Circuit B,” afterC andXband characterization, the
ENRD

(f ) was estimated. In this case, the procedure has concerned
DUT and measurement setup mismatch errors, since temperature
drift effects were already evaluated during the previous testing.The
erroneous ENRD

(f ) measurement ripple, introduced by impedance
mismatch, has been compensated. By considering a I0 = 6.9mA
bias, a ENRD

(f ) in the 25.6 − 24.8 and 22.6 − 22.1 dB ranges were
estimated, for the C and X bands, respectively.

Regarding the repeatability of noise sources built with nomi-
nally identical HBTs, a 10-device sample was tested.Themaximum
ENR performances were compatible with the first characterization
results, where a single device was considered, enabling the feasi-
bility of the source with low-cost, COTS components. From this
data, we can conclude that the discussed noise source can be effec-
tively employed in industrial radiometric set-up, enabling large
operation temperature excursion and applications requiring mate-
rial emissivity observation in wide frequency range from C to K
band.

Finally, for what concerns stability and reliability of the pro-
posed noise source, we have considered medium period of oper-
ation time intervals of some hours, compatible with the afore-
mentioned measurement procedures, without observing device
degradation. A more extended investigation targeted at reliability
would be addressed, since this device is not specified for avalanche
operation and typicallymanufacturer data are not provided for this
operation regime. At the best of the actual Authors’ knowledge,
there is no literature covering this topic.
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