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Abstract: This paper is focused on the extraction of the noise parameters of a linear active device by
exploiting both forward and reverse noise power measurements associated with different termina-
tions. In order for load-pull measurements to yield a significant marginal improvement (as compared
to forward measurements only) it is expected that the device under test should appreciably deviate
from unidirectionality. For this reason, the source/load-pull technique is applied to frequencies at
which the considered devices are still usable but their reverse noise factor exhibits a measurable
dependence on the output terminations. Details on the test bench set up to the purpose, covering
the 20-40 GHz frequency range, are provided. A characterization campaign on a 60 nm gate length,
4 x 35 pm GaN-on-5i HEMT fabricated by OMMIC is illustrated.

Keywords: black-box modeling; cold-source technique; Gallium Nitride on Silicon; HEMT; noise
characterization; source pull; Y-factor technique

1. Introduction

The noise behavior of a linear noisy 2-port network can be fully characterized in terms
of four noise parameters, as known from well established theory [1,2]. If the 2-port network
is an active device and its small-signal equivalent circuit model is available, those parame-
ters can be determined indirectly: namely, the noise temperatures of the equivalent circuit
element are actually extracted [3,4], then the noise parameters are computed [5]. In the
absence of a suitable model, on the other hand, a black-box characterization becomes nec-
essary, which has long been performed by means of source-pull noise measurements [6,7]
and, more recently, has been also carried out by source/load pull [8-10].

It is worth noting that the noise temperature-based methods can benefit from source-
or source/load-pull noise measurements, but they strictly require one physical termination
only, although used across a broad frequency range. Black-box methods, on the other
hand, require a set of different terminations at each frequency, which are usually obtained
by means of electro-mechanical RF tuners [11,12]. Tuners allow to synthesize virtually
arbitrary terminations, which can be exploited to optimize the pattern of terminations
at each extraction frequency [13-15]. Nevertheless, electro-mechanical tuners are rather
costly and may present repeatability issues, so that alternatives have also been proposed,
such as custom tuners [6], long lines [16,17] and switching over a set of different physical
terminations [18,19]. When switching is adopted, the number of terminations is of course
limited by the complexity of the available switching matrix and by the associated loss.

In this paper, several of the previous ideas are reappraised and combined. First of all, a
black-box approach is considered, with a small number (only four) of different terminations
realized through electro-mechanical switching. To relieve this minimal condition, both for-
ward and reverse noise measurements are taken, thus realizing a source/load pull. Finally,
the idea of exploiting measurements at multiple frequencies to produce an extraction at a
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single nominal frequency is adopted to further increase the number of effective (as opposed
to physical) terminations. This is justified if the noise correlation matrix can be linearized
within some frequency interval. Notice, however, that no assumption is made about the
behavior of the source terminations, as opposed to [16,17].

The proposed approach is applied to the black-box on-wafer characterization of a
field-effect transistor realized in OMMIC'’s 60 nm gate length GaN-on-Si HEMT technology
(D006GH) [20]. The preliminary assessment of that process is one of the objectives of
the MiGaNSOS project [21], funded by the European Commission. Other goals are the
space-qualification of the analogous 100 nm process and demonstrating that both can be
simultaneously used on the same chip [22,23].

The projects also aims at demonstrating future applications of the developed tech-
nologies in advanced space equipment. Due to the growing interest in the K, band for
space applications, such as telecommunications and Earth observation [24,25], a K,-band
synthetic aperture radar (SAR) antenna has been taken as a reference in MiGaNSOS for the
design of the test vehicles. More specifically, the project aims at the full integration of a
single-chip front-end (SCFE) monolithic microwave integrated chip (MMIC) demonstrator
replicating the basic building block of an active antenna operating in the 35-36.5 GHz
frequency range [22,26,27].

2. Materials and Methods
2.1. Formalism of Forward and Reverse Noise Measurements

Consider a generic linear noisy 2-port terminated in a source admittance Ys = Gg + jBg
(associated with a noise temperature Ts) and thus presenting an output admittance
Yout = Gout + JBour (its noise temperature being Tpy¢). It is well known that the small-
signal and noise behavior at a given frequency fj of such a 2-port can be modeled as the
cascade of:
® anoisy thru (fully characterized by a noise correlation matrix), and
e anoiseless 2-port (fully characterized by a small-signal matrix),
as depicted on the left side of Figure 1. Here the expression ‘noisy thru’ denotes an ideal
2-port network made up of a series noise voltage generator and a shunt noise current
generator, such as the one enclosed between sections s-F1 and s-Fi in the figure. In general,
the two generators are partially correlated, which is quantified by way of a correlation
admittance Y,:

in = Yrye”‘i_lu (1)
enis = 0. @)

In this framework, it is convenient to express the small-signal behavior of the noisy 2-
port in the transmission (ABCD) representation. The associated form of the noise correlation
matrix is as follows:

H T % 7
_ | en en | _ | eney eniy | _ | €11 C12 | _ | Cu C12
=l L) Tl iy | e Tl S
n n n€y Inly 21 €22 Clp €22
where the H superscript denotes the Hermitian operator (transpose and conjugate). It
proves useful to normalize C to 4kgToB, where kg = 1.3806488 - 102 m? kg s 2 K~ is

Boltzmann'’s constant, Tp = 290 K is the standard noise temperature and B is the equivalent
noise bandwidth:

) 1 1
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Figure 1. Model of a generic linear noisy 2-port network. (Left): forward case. (Right): reverse
case. The reverse case can be viewed as reversing the noisy thru and the noiseless 2-ports individ-
ually and then swapping them. It can be observed that: Ys Nt = Y5, TegNT = Teqs Y5 N = Yours
Tciq,NT = To/ut - TSGL/nr

Now focus for a moment on the noisy thru (NT) alone. The relation between the equiv-
alent noise temperature of the noisy thru and the elements of its (normalized) correlation
matrix can be expressed as follows:

Teq,N T
To

-Gs Nt = |Ys nr[7611 +2Gs nTREC12] — 2Bs nrImlérn] + &2 - (5)

Reversing the noisy thru yields another noisy thru, differing in the orientation of the
noise generator and, therefore, with opposite correlation admittance:

e;z = —€n (6)
i; = iy (7)
Y,/y = —Y,y , (8)

where primes denote in this work the reverse mode. Thus, the correlation matrix of the
reversed noisy thru is analogous to that of the original one, but with opposite terms in the
secondary diagonal. Consequently, the equivalent noise temperature of the reversed noisy
thru, T} 4,Nss can be expressed as:

!
Teq,N T
To

-GsNT = |Ysnr|611 — 2Gs NTREC12] + 2Bs NTIm[E1a] + 622, ©)

where the elements of the correlation matrix are those of the original (i.e., forward) noisy
thru, so they are not primed.

From these premises, it is easily shown that a consistent set of equations can be
written down for the original 2-port, associated both with forward and reverse noise
measurements. In particular, in the forward case, equations in the same form as (5) can be
written down for various choices of the source admittance, since cascading the noiseless
2-port behind the noisy thru does not alter the equivalent noise temperature. Since cold-
source measurements [18] will be considered in this work, (5) is rewritten to make explicit
the role of the directly measured quantities, i.e., Ty, and Ggyp:

Teq,NT Ge — Tout/Goy — Ts

T, Cs T Gs = |Ys|*¢11 + 2GsRdé1p] — 2BsImlén ]| + 6. (10)

As to the reverse case, the relevant configuration comprises the small-signal parame-
ters of the reversed noiseless 2-port and the reversed noisy thru: see right side of Figure 1.
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Therefore, equations such as (9) can be written, provided that the reference section is set
between the noiseless and noisy subnetworks (section s-Ri in the scheme). Namely:

l
.G = Tout —
out — TO

!
Teq,N T
To

TsG, 2, . . .
2 Gyt = | Yout| 611 — 2GpRefé12] 4 2B, Im{é1p] + 622 . (11)

From a mathematical standpoint, any set of 4 linearly independent equations obtained
from forward and reverse measurements over different terminations is sufficient to deter-
mine the unknown terms ¢11, Re[é1p], Im[¢12], é20. (In practice, reverse measurements are
typically less reliable and are mainly used to give some redundancy. When measuring a
transistor with the cold-source method, this is mainly because, the more unidirectional the
device, the more compressed the range of its Y}, admittances and T, noise temperatures.)
Also, it is convenient to exploit a number of equations much larger than 4 to reduce the
overall uncertainty. Solving the resulting over-determined system of linear equations
is straightforwardly accomplished, for instance, by pseudo-inversion [28]. To this goal,
(10) and (11) are first to be cast in matrix form, as follows:

b = A-x (12)
TDut,l/G,m, — TS 1
#'GS,Z
b = : (13)
Téut,m —Ts Gév,m ’
To " Sout,m
Yo, +2Gs;  —2Bs; 1
A = : 5 L (14)
2
‘Yc;ut,m‘ 72Gc/mt,m +2B(/Jut,m 1
[ en
X = Re{ﬁlﬂ (15)
Im[¢1,]
)

where! =1,2,...,Land m = 1,2,..., M identify each termination condition in forward
and reverse configuration, respectively. Another indexn =1,2,...,L,L+1,L+2,...,
L+ M = N can also be established to identify each equation independently of the config-
uration. Notice that the first L equations are equivalent to the classic solution proposed
by Lane [7,11,29] while the additional M equations generalize the solution to using both
forward and reverse measurements.

2.2. Proposed Test Bench

In order to build up the solving system, a suitable test bench needs to be set up to
produce the measurement data. The architecture proposed in this contribution is shown in
Figure 2 and allows to carry out cold-source measurements with online receiver calibration
and measurement of the device under test (DUT)’s small-signal parameters. By replacing
one of the terminations with a noise source, the Y-factor method may also be applied [18]:
however, this possibility will not be considered in this work and the four terminations
TERMO through TERM3 will be assumed passive and at ambient temperature. In the
following, the three possible configurations of the test bench are detailed:
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*  Small-signal: the SPMT switch is set so as to connect the thow to the VNA’s port 1;
the DPDT switch is set to vertical connections.

e  Pre-characterization: the SPMT switch is set so as to connect the thow to one of the
terminations; the DPDT switch is set to vertical connections.

¢ Noise calibration: the DPDT switch is set to vertical connections.

¢ Noise measurement: the SPMT switch is set so as to connect the thow to one of the
terminations; the DPDT switch is set to horizontal connections.

s-P1 s-ISO  s-REC
i SPMT DUT/STD DPDT H

VNA P1 D>— .

E EI‘ |
p————] —> — > SA
; ;
- sDI  s-D2  VNAP2 D=1

I NS
T
TERM1 P
[—— i i

TERMO

TERM2 s-P2 s-NS
C—

TERM3
——-

Figure 2. Block diagram of the cold-source noise test bench. From the left to the right along the
noise measurement chain: cold (variable) terminations, SPMT switch, input bias-T, input RF probe,
DUT or TRL standard, output RF probe, output bias-T, DPDT switch, ferrite isolator, pre-amplifier,
spectrum analyzer. In addition, the SPMT is connected to the VNA’s port 1 while the DPDT switch
is in connected to a solid-state noise source and to the VNA’s port 2. The SPMT switch is actually
realized by combining a SP4T switch and a DPDT switch.

The first configuration is common to small-signal calibration and measurement. The
only, obvious difference is that either calibration standards or the DUT are placed between
sections s-D1 and s-D2. Whereas the calibration is performed once as the first step of the
measurement campaign, the DUT will be repeatedly measured, i.e., in conjunction with
the selection of each termination. In this work, a thru-reflect-line (TRL) calibration was
performed, with custom on-wafer standards replicating exactly the access structures of the
DUT. Thus, the DUT’s reference planes were easily set in correspondence with the center
section of the physical ‘thru’ standard.

The second configuration is used to characterize the source loads seen by the DUT. To
ensure consistency, the same calibration performed in configuration 1 is exploited. Since
the reference planes are at the center of the physical ‘thru” standard, the measured Sy,
coincides with the sought-for I's associated with the selected termination.

The third configuration allows to acquire two noise power readings from the receiver
(from section s-REC rightwards), relevant to the cold and hot states of the solid-state noise
source. To that end, notice, the noise source’s noise temperatures must be shifted to section
s-REC [23]. In turn, this requires an accurate knowledge of the passive network (BLKO)
interposed between section s-NS and section s-REC.

The fourth configuration allows the actual noise measurement. Specifically, a noise
power reading is acquired, associated with the selected termination. Notice that the
receivers noise factor and gain are nominally the same as in the third configuration, due to
the presence of a common isolator just ahead of section s-REC. Similar to the calibration step,
processing the reading will require knowledge of the passive network (BLK2) interposed
between section s-D2 and s-REC.

The small-signal parameters of the isolator alone and of the whole BLKO are assumed
to be known by way of a dedicated coaxial calibration. As to BLK?2, it can be characterized
as follows. First, apply the ‘adapter removal’ technique with a coaxial first tier at sections
s-P1 and s-ISO and an on-wafer second tier at sections s-D1 and s-D2. The result will be the
scattering parameters of the passive network between sections s-P1 and s-D1 (BLK1) and
of the passive network between sections s-D2 and s-ISO. Cascading the latter to the small-
signal parameters of the isolator will yield the sought-for characterization of BLK2. Notice
that BLK1, as a 2-port, is not needed in the cold-source approach, since characterizing the
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DUT'’s source reflection coefficient (see description of configuration 2) is sufficient. If the
Y-factor method were applied, however, steps similar to those just outlined would come
in handy.

2.3. Precautions for Accuracy

As observed in [23], it is crucial that the parameters of all blocks remain stable dur-
ing the measurement. For this reason, all passive blocks comprising flexible cables are
kept mechanically fixed from their characterization onward. As to the variation of the
DUT’s source reflection coefficients, this is accomplished by controlling electro-mechanical
switches as opposed to a tuner, to ensure repeatability. Clearly, the actual reflectances are
measured directly at section s-D1, with the same on-wafer calibration used to measure
the DUT.

Instabilities of the DUT’s operating point are minimized by fixing its drain voltage
and tuning the gate voltage so as to obtain a desired drain current. After selecting one
of the source terminations and before sweeping in frequency the relevant noise measure-
ment, the gate voltage is retuned and the DUT’s scattering parameters remeasured. Also,
every frequency point of the noise measurement is preceded by a retuning of the gate
voltage. To ensure consistency of the bias points between forward and reverse measure-
ments, 4-wire DC measurements are performed at the end of the cables connecting the
supply/measurement unit (SMU) and the RF-decoupled port of the bias-T’s. Then, the
residual resistances of the bias-T’s are measured and accounted for.

As to the receiver, this is made up of a pair of pre-amplifiers and a spectrum analyzer.
The pre-amplifiers are necessary to increase the sensitivity of the whole receiver, but their
total gain should be limited, both to avoid saturation and to limit gain instability. To
remedy the instability of the receiver, the spectrum analyzer is made to auto-calibrate
before each frequency sweep. Moreover, each noise power reading is accompanied by two
readings for calibration. Also, each cycle of the DPDT switch is actually exploited for two
sets of readings at the same frequency (calibration-cold, calibration-hot, measurement-cold,
measurement-cold, calibration-cold, calibration-hot).

Ambient temperature is kept as constant as possible by air conditioning of the test
laboratory. Contact of the probes is safeguarded from vibration by means of an anti-
vibration table.

Finally, the resolution bandwidth (RBW) of the spectrum analyzer is limited to 0.8 MHz
to ensure that the DUT’s source reflection coefficient, I's, remains sufficiently constant
across the RBW itself. In this regard, I's exhibits an angular variation with frequency of
approximately 1 deg/MHz, as mainly due to the length of the cable between the SPMT
and the input bias-T. As to the video bandwidth (VBW)), it is set to 20 Hz to improve the
stability of the readings. As a further measure, 101 point traces are acquired and averaged
at each reading.

2.4. De-Embedding and Processing

Provided that the isolator in front of the receiver is sufficiently unidirectional, the
nominal parameters of the receiver (REC) are common to the three noise power readings
taken in the calibration and measurement steps:

Nc,cal = kB (Tc,cal + Teq,REC) BGuv,REC (16)
Nh,cul = kB (Th,cul + Teq,REC) BGav,REC (1 7)
Nc,msm = kB (Tc,msm + Teq,REC) BGav,REC 7 (18)

where T, .51, Ty cq1 and Te s are all referred to section s-REC:

Teear = Te,nsGav,BLKO (19)
Theat = TunsGav,BLKO (20)
Tc,msm - ToutGuv,BLKZ . (21)
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By linear interpolation/extrapolation, it is easily found that:

Th,cal - Tc,cul

Temsm = Tc,cal + (Nc,msm - Nc,cal) ’ W /
,ca c,ca

(22)
from which BLK?2 is straightforwardly de-embedded by inverting (21). Then, (10) and (11)
or, equivalently, (12)—(15) can be written down and solved by pseudo-inversion, as dis-
cussed in Section 2.1.

Adopting both forward and reverse noise measurements allows to build up an over-
determined system of equations, which improves the quality of the extractions. However,
only a total of N = 8 equations is reached in this manner, which is still quite scarce as
compared to a typical value of a few tens. Also, there is in practice no control on the actual
spread of the terminations resulting at each measurement frequency. To the contrary, well
spread termination patterns will result at some frequencies and not at others, easily leading
to a rapid succession of good and bad extractions.

To mitigate this issue, the Authors suggest extending the input data for each nominal
frequency to the set of all measurements in its neighborhood. The idea is similar to what
proposed in [16,17], where a long transmission line is exploited at the input of the transistor
under test. The present problem, however, has to tackle very long electrical paths which
are not necessarily good approximations of transmission lines.

Under these conditions, it can be assumed that, whereas the DUT’s source reflection
coefficients vary significantly from one frequency to another (with a frequency step of
100 MHz), the elements of the DUT’s correlation matrix can be safely approximated to
the first-order at frequencies f in a neighborhood [f1, f>] of a nominal frequency fy. This
corresponds to modifying A and x of (14) and (15) into their ‘expanded’ counterparts:

A, = An1 an,lAf an2 an,ZAf an,3 an,BAf A4 an,4Af (23)

X1,0

X1,1

X2,0

X

Xe = 21 (24)
X3,0
X3,1
X4,0

L X471

where Af = f — foand x; = x;o + x;1Af. Thus, system (12) is transformed to:
b=A, x.. (25)

Obviously, here vector b does not undergo any formal modification with respect to
(12) and (13), but its elements will be associated with a larger set of frequency points.

As the breadth By = f, — f of the interval [fy, f»] is enlarged, more and more fre-
quency points will fall within it, each contributing with additional 8 equations. Of course,
dilating that interval indefinitely would contrast with the hypothesis that the terms of
x can be linearized in fy between f; and f,. Another possible issue with this approach
is that measurements affected by pathological problems (e.g., badly characterized block,
failed reading) at some single frequencies will extend their detrimental effects to the nearby
frequencies too. Therefore, a critical comparison of the standard and expanded solutions
should be performed.
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3. Results

The noise measurement approach presented in Section 2 was tested on an active de-
vice fabricated by OMMIC on its recently developed 60 nm gate length GaN-on-S5i HEMT
technology (D006GH). The device has 4 fingers of 35 pm unit gate width. The reference op-
erating pointis Vps = 5V, Ip = 17.1 mA, which was believed to be approximately optimum
for noise performance. Other drain currents were also tested to confirm that hypothesis.

The measurement frequency range was set from 20 GHz to 40 GHz, with a 100 MHz
step. As anticipated in Section 2, 4 physical terminations were adopted, which yield
8 measurements per frequency point since both the forward and the reverse modes were
exploited. As expected, this number is still too low to ensure a reliable extraction of the
noise parameters at all frequencies. Indeed, the extracted elements of the correlation matrix,
shown with dashed lines of Figure 3, are often unphysical. Pruning the unphysical points
from these extractions yields the continuous thin lines in the same figure.

15
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Figure 3. Extraction of the elements of the noise correlation matrix over frequency. Dashed lines: stan-
dard extraction (f; = fo = f2). Continuous thin lines: physically sound subset of the standard extrac-
tion. Continuous thick lines: linearization-based extraction (f; = fy — 2.5 GHz, f, = fy + 2.5 GHz).

Therefore, the linearization-based method illustrated in Section 2.4 was employed
to improve the extraction. Observing the pruned traces in Figure 3 justifies the selection
of a frequency interval By, up to a few gigahertz. However, increasing By also entails a
reduction of the measurement frequency range at either end. Therefore, B; = 5 GHz was
set (i.e., f1 = fo —2.5GHz, f, = fo + 2.5 GHz). The result is shown by the continuous thick
lines in Figure 3.

Notice that the linearization-based traces are similar to what could be obtained by
smoothing or fitting the pruned traces of the standard extraction. However, the proposed
approach exhibits the following advantages:
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e  Rather than discarding the data at frequencies where the standard extraction fails, it
produces a reliable extraction at a certain frequency fy by merging all data at nearby
frequencies. This may be especially beneficial when the single-frequency failures
are numerous.

e Ascompared to fitting, it does not assume any particular model, but only that the
elements of the correlation matrix can be linearized.

The noise correlation matrix can be converted to the more familiar noise parameters
through well known formulae. For the Reader’s convenience, it is worth recalling that:

Ry = ¢n (26)
N A 2 A

Yopr = \/ sz—(hn[flz]) +]Im{c}1 27)
11 C11 ‘11

Fuin = 142(en+ Ry Yy (28)

as well as that, in general:

. YO +Y
r= 2 29)
NF = 1010g(F) [dB] , (30)

with Yy = 1/7, the normalization admittance and Zj the normalization impedance (typi-
cally 50 Q).

The noise parameters corresponding to the pruned traces of Figure 3 are shown in
Figure 4 as isolated points. Then, two linearization-based extractions are also shown,
associated with two different values of B;, namely 1 GHz (continuous thin lines) and
5 GHz (continuous thick lines). It is interesting to notice that the extraction adopting
By = 1 GHz is much smoother than the standard extraction; however, a problematic hump
in NF,,;;, in the 28-29 GHz frequency range is found (which, incidentally, appears strongly
correlated to the small-signal parameters of blocks BLK2 and BLKO at those frequencies).
Increasing By, up to 5 GHz further irons out all traces.

The effect of increasing Bj, as mentioned in Section 2.4 consists in allowing more
source (in forward mode) and output (in reverse mode) terminations to contribute to
each extraction. As an example, the extractions at fo = 35 GHz with By = 1 GHz and
By = 5 GHz are shown in Figure 5. It is evident that the number of terminations and
their spreading across the reflectance plane improves significantly with higher and higher
values of By.

To further illustrate this effect, extractions with different settings are compared in
Table 1 at the target frequency fo = 35 GHz (a nearby frequency is shown when the
extraction fails at 35 GHz). In particular, the first three columns present the extraction
failure rate versus By, and the exploited configuration. The term ‘failure rate” here denotes
the ratio of the number of frequencies associated with physically sensible extractions to
the total number. It is evident that in the given scenario the failure rate drops to very
low values, even with moderate bandwidths (B > 0.5 GHz), when both forward (FWD)
and reverse (RVS) configurations are adopted. The remaining columns provide the actual
frequency and the extracted noise parameters.

Among the considered settings, notice that those presented in the last row of Table 1
correspond to a standard source-pull approach with the minimum number of terminations.
Similarly, the third row corresponds to a semi-standard approach exploiting both source-
and load-pull data. Thus, these two rows can serve as a familiar term of comparison for
the full-blown methodology presented in this contribution.
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Figure 4. Conversion of the noise correlation matrix to the noise parameters over frequency. Points:
physically sound subset of the standard extraction. Continuous thin lines: linearization-based
extraction (f; = fp — 0.5 GHz, f, = fy + 0.5 GHz). Continuous thick lines: linearization-based
extraction (f1 = fo —2.5GHz, f, = fo + 2.5 GHz).

(a) f1 = 34.5GHz, f, = 35.5GHz. (b) f1 =32.5GHz, f, = 37.5GHz.

Figure 5. Example of termination pattern for the extraction of the noise parameters at fy = 35 GHz.
The terminations form groups depending whether they are associated with frequencies lower than
fo (<), equal to fy (=) or higher than fj (>), and whether they refer to the forward (FWD) or reverse

!
out

reflectances happen to be inside and outside of the passive Smith chart, respectively. The black point

(RVS) mode. In this particular case, the forward mode I's reflectances and the reverse mode I’

represents the optimum point Iop;.

Although the data in Table 1, being referred to one single target frequency, can only
give an incomplete picture of the state of affairs, nevertheless they allow to illustrate some
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overall trends. First of all, the 4-termination standard approach (row 6) is seen to be
unreliable in this case: besides an unsatisfactory failure rate, the noise parameters which
it yields are quite off as compared to the the first four rows. This situation improves
only slightly for row 5, which approximately corresponds to a standard approach with a
higher number of source terminations. Broadening B; further, as in row 4, still results in a
mediocre failure rate; however, the noise parameters now get to yield, together with the
first three rows, a consistent bulk of extractions.

Merging source- and load-pull data in one single extraction seems to produce generally
good results with all choices of By, and in particular even with B; = 0 GHz [10], as in row 3.
However, larger and larger bandwidths B, also yield smoother traces and considerably
lower failure rates, as in rows 2 and 1.

Table 1. Comparison among different extraction settings.

By [GHz] Configurations  Failure Rate [%]  fo [GHz] NFI[dBl R, [Ql |Topt| £l [rad]

2.5 FWD + RVS 0.67 35 1.41 7.78 0.48 1.88
0.5 FWD + RVS 2.68 35 1.36 7.09 0.45 1.99
0 FWD + RVS 19.46 35 1.34 6.09 0.43 2.08
2.5 FWD 42.95 35 1.40 7.50 0.53 1.79
0.5 FWD 42.28 35.5 1.16 525 0.60 1.87
0 FWD 32.21 35.1 1.50 16.01 0.23 1.58

In addition to the reference drain current Ip = 17.1 mA, similar extractions were
performed at other current values, namely 34.2 mA, 51.2 mA and 68.3 mA. The resulting
noise parameters are shown in Figure 6. A noticeable difference is found in particular
among the extracted traces of R, and NF,;;,,, with a clear trend towards higher values for
drain currents from 34.2 mA up. The first two values of drain current lead to very similar
results, indicating that the optimum operation must lie somewhere in between.

15

————-———-
N o=

- — |y =17.1mA

1 e ™ ey = * 1 1 1 1

22 24 26 28 30 32 == =Iy=342mA| 33
ID =51.2mA

S06F
o

= 0.4

02 1 1 1 1 1 1 1 I
22 24 26 28 30 32 34 36 38

Figure 6. Extracted noise parameters over frequency at different current values.
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Finally, the black-box characterization of the active device was inserted in the simu-
lation of a mixed-technology low-noise amplifier already described in [22]. Whereas the
last three stages of the amplifier are based on 100 nm devices, the first stage features a
60 nm transistor with the same geometry considered above, i.e., 4 x 35 pm. As can be seen
from Figure 7, the noise figure simulated in this manner compares well with the actual
measurement performed on the realized amplifier. However, the latter is a classical Y-factor
measurement (not corrected for the imperfect match of the source termination), whereas
the simulation is referred to a perfect 50 () resistance.

4r

° Measured

35 m—— Simulated

N
T

NF, [dB

0 1 1 1 1 1 1 1 1 1 |
20 22 24 26 28 30 32 34 36 38 40

f |GHz]

Figure 7. Noise figure of the mixed-technology LNA from [22]. The measurement refers to the actual,
realized amplifier. The simulation is obtained by using the black-box characterization to simulate the
first stage. The other stages are in the 100 nm technology and maintain their previous models.

4. Discussion

As anticipated in the Introduction, the proposed black-box characterization approach
blends together several ideas which have been around for some time, namely, the use
of electro-mechanical switches rather than of tuners; the exploitation of both forward
and reverse modes; the combination of measurements at multiple frequencies into single-
frequency extractions. Out of these, the last is probably the most effective in producing
robust results.

In this respect, it is worth reappraising the observation, already made in the Intro-
duction, that typical black-box approaches require several physical terminations in order
to allow an extraction of the four noise parameters at one frequency. In the light of the
presented linearization-based technique, that statement loses validity in the present case:
mathematically, the adopted first-order approximation of the noise correlation matrix al-
lows for as few as one single physical termination. (Indeed, the Authors have found that
reasonable extractions can be obtained with one physical termination only, although at the
cost of increasing B; significantly.)

Leaving now aside the mathematical foundation of the approach, the present im-
plementation of the test bench also deserves some comments. In the Authors” opinion,
the results presented in Section 3 are very encouraging. However, significant room for
improvement can be found.

First of all, the present version of the test bench, mainly set up as a proof of concept,
has not been optimized yet with respect to the hardware side. In particular, the coaxial
cables connecting the switches with the bias-T’s are of mediocre quality, which results in
significant loss in key paths of the measurement chain. As can be seen in Figure 5, the
maximum magnitude of the source reflectances synthesized at section s-D1 is rather poor,
as due to the excessive loss of the input cable. On the other hand, the loss of the output
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cable impacts negatively on BLK2 and, ultimately, on the uncertainty associated with the
single noise measurements. It is thus imperative to reduce in length and improve in quality
those two cables in the future.

Moreover, it should be further investigated whether or not the implemented algorithm
for tuning the operating point can ensure sufficient stability of the DUT’s behavior. If so, the
online measurement of the DUT’s small-signal parameters could be spared, with obvious
beneficial effects on the setup architecture. For instance, it would be possible to reallocate
section s-P1 to one further termination. Alternatively, although at the cost of manually
switching the source terminations, the input switch could be eliminated altogether, and the
input cable with it.

5. Conclusions

A new approach to the black-box noise characterization of active devices has been
proposed and a cold-source test bench suitable to its application has been presented. The
approach conveniently combines in a single, coherent workflow several ideas which, taken
separately, are already in use in the measurement practice oriented to high-frequency
electronic circuits. The validity of the extraction technique has been demonstrated through
a characterization campaign of a HEMT device from an advanced 60 nm GaN-on-Si MMIC
technology. The current weaknesses and future developments of the cold-source test bench
are also discussed.

Author Contributions: Conceptualization, S.C. and W.C.; methodology, S.C. and W.C.; software,
S.C.; validation, S.C., W.C., L.P, PE.L. and A.S.; formal analysis, S.C. and A.S.; resources, J.P. and R.L.;
data curation, S.C. and W.C.; writing—original draft preparation, S.C.; writing-review and editing,
S.C. and PE.L.; supervision, E.L.; project administration, E.L.; funding acquisition, E.L. All authors
have read and agreed to the published version of the manuscript.

Funding: This research and the APC were funded by the European Union under project H2020-
COMPET-2017 MiGANSOS, grant number 776322.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interests. The funders had no role in the
design of the study; in the collection, analyses, or interpretation of data; in the writing of the
manuscript, or in the decision to publish the results.

Sample Availability: Samples are to be requested to the foundry.

Abbreviations

The following abbreviations are used in this manuscript:

SAR Synthetic-Aperture Radar

SCFE  Single-Chip Front End

MMIC  Monolithic Microwave Integrated Circuit
HEMT High-Electron Mobility Transistor

GaN Gallium Nitride

Si Silicon

DC Direct Current
RF Radio Frequency
NT Noisy Thru

NS Noise Source

TERM  Termination

DUT Device Under Test

STD Standard (of calibration kit)
SPMT  Single-Pole Multiple-Throw
DPDT  Double-Pole Double-Throw
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BLK Block (i.e., passive block of measurement chain)
REC Receiver

FWD Forward

RVS Reverse

SMU Supply/Measure Unit

VNA Vector Network Analyzer

TRL Thru-Reflect-Line

SA Spectrum Analyzer

RBW Resolution Bandwidth

VBW  Video Bandwidth
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