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FET Noise-Parameter Determination Using
a Novel Technique Based on 5D-
Noise-Figure Measurements

Antonio Lazaro, Llis Pradell,Member, IEEE,and Juan M. O’Callaghan

Abstract—A novel method for measuring the four noise param-
eters of a field-effect transistor (FET) is presented. It is based on
the determination of its intrinsic noise matrix elements[C]Y' T,
CHT, Re(CHE™), Im(CE'™)] by fitting the measured device noise
figure for a matched source reflection coefficient(F5q) at a
number of frequency points, thus, a tuner is not required. In
contrast to previous works, no restrictive assumptions are made
on the intrinsic noise sources. The receiver full-noise calibration is

easily performed by using a set of coaxial and on-wafer standards Ag: Ca? H Ay C
that are commonly available in a microwave laboratory, thus, 1/4 Halaiks i :

an expensive broad-band tuner is not required for calibration INTRINSIC ! Rs 1

either. On-wafer experimental verification up to 26 GHz is c. ! 1 ! s
presented and a comparison with otherFso-based and tuner- egid 1 SOURCE | e Aig: Ca
based methods is given. As an application, the dependence of the Ant.CAT § CSo 1 !

FET intrinsic noise sources as a function of the bias drain—current i i !

and gate-length is obtained. I Lo Lot TT L I

Index Terms—Noise measurements, noise modeling, noise pa-rig. 1. FET equivalent circuit, including the voltage—current noise-source
rameters. configuration.

[. INTRODUCTION ) ) - S
T HE full-noise characterization of a field-effect transistorrlmse parameters are characterized by determining the intrinsic

H i H INTT- INT INT INT
(FET) requires the determination of its four noise p noise correlation matrifC™ - [C17 ", Co3 ", Re(Chs™),

i INT implifyi i
rameters: minimum noise figuré,,;,, noise resistance?,, aIm(Cm ) [8] through a number of simplifying assumptions.

. ; - . If the intrinsic noise sources are arranged in a voltage—current
and optimum source reflection coefficiehit,, (magnitude

; . (hQybrid) configuration(eg,iy), as shown in Fig. 1JC™T]
and phase). The measurement of the noise parameters m.ig}lgasically frequency-independent [10]-[16]. Therefore, the

microwave frequency range is usually performed by measuring . . . . .
9 yrang yp y |rﬁr|n5|c noise matrix can be obtained from a measurement

the device noise figure for a minimum of four source reflectio . . .
L . . of the four noise parameters at a single frequency in a
coefficients produced with a tuner [1]-[6]. Although this . TP
: . . deembedding procedure [14]. A further simplification assumes

method gives accurate results, it has the following drawbacks. . . 8
no correlation between sources (Pospieszalski's model [10]).

1) Broad-band tuners are generally very expensive and i€ at case, only two frequency-independent noise constants
measurements are time consuming. . (gate temperaturd, and drain temperatur@,;) have to be
2) Some tuners may have little flexibility in selecting th@jetermined. Moreover, other authors [12], [15] assume that
source coefficient patterns [3]-[-8] required. T, equals the physical temperature, in which case only one
3) It is very sensitive to experimental errors Whenev‘%f;rametel(Td) must be determined to extract the four noise
[Copt| is high (>0.7). parameters. This can be done from the measurement of the
This situation is commonly found in microwave FET'’s at lowransistor noise figure, with a matched @psource reflection
frequencies (which can be up to 10 GHz) or for low drain-biaspefficient (F,), as proposed by Tasket al. [12], thus, a
currents. tuner is not required. Alternatively, Dambriret al. [9] use
Other successful techniques make use of a transistor equie current—current intrinsic noise-source configuration (also
alent circuit to provide additional information to reduce comealled admittance oR, P, C model) with a number of sim-
plexity in the measurement procedure. In these techniques, gii®ing assumptions (in particular, the correlation coefficient
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improvements in accuracy are expected if no simplifying Note thatC}** and P,,,,, are functions of thes-parameters
assumptions on the intrinsic noise sources are made. and the room temperature only.

The purpose of this paper is to propose a new method toA linear frequency dependence for the elementsﬁéﬂ
determine the intrinsic (voltage—current or hybrid) FET noise assumed, although higher order polynomi(,\dg}]l\fT =
matrix, based on the measuremen#gf for a redundant num- C%+Ciljf+' --) have also been considered with no significant
ber of frequency pointd/. In contrast with previous works [9], improvement of results. Other types of no(s¢ f, g — r) are
[12], no restrictions are imposed on the intrinsic noise sourcggesent, mainly at low frequencies (up to 1 GHz, depending
in particular, the correlation coefficient is not supposed to la the transistor) [27], and can be included]ff} by adding
zero. This assumption is supported by recent works [14], [16hms of the formC / f* and Cf'/(l + (f2/£2)), where £,
[17]. Moreover, a smooth low-order polynomial frequencyS ’ J

) L ! . the cutoff frequency of the trap process anf, CP are
dependence is allowed on the intrinsic noise matrix elements. ... . . . K
coefficients which have to be estimated from low-frequency

measurements as a last step in the optimization procedure
Il. NOISEPARAMETER-EXTRACTION PROCEDUREFROM F%,  explained below. Since the lowest measurement frequency

The procedure is based on the FET equivalent circuit shoh the experimental setup is 2 GHz (see Section ll), this
in Fig. 1, which includes its intrinsic noise sourceg, i dependence has not been observed in the transistors measured

(hybrid configuration). The FEF-parameters and the parasiticand will not be considered in the derivation. Shot noise is also

elements are known from measurements, and the transigofPW-frequency effect that can also be included by adding

Fy is measured atV frequency points in a broad range'€iS€ current sources to the admittance intrinsic noise matrix,
(2-26 GHz), as explained in Section IV. The noise-paramef® eXPlained below. Substituting (2)—(4) into (1), the foIITowing
characterization method proposed in this paper consists Qyerdetermined linear equation system is obtained g

determining the intrinsic noise correlation mat[]}ggNg from [ys] = [M] - [X], i=1--,N (5)

F5o. The basics of this procedure are detailed below. _ .
The transistor noise figure for the measured sourdéere N is the number of measured frequency points. The

impedance Z! = R! + jX! (corresponding to theith left-hand side of (5) depends on the measured noise figure
frequency) can be expressed as a function of its cascddeZs) at every frequency poinf; (F5), and the extrinsic
noise matrixC'4 [8] as follows: noise contribution:
‘ 1 Y =4KTOAf - (F(Z5)—1)- Re(Z5)—[1 Z5 |- CF**-[1 Zg]".
P2 =14 1 2] Ca- | 5| @
4kToAf Re(ZY) VA (6)
wherek is the Boltzmann constant arfl, = 290 K. The right-hand side of (5)[X], is the unknown intrinsic

According to the equivalent circuit in Fig. €4 can be split correlation matrix Cii{ arranged as a column vector and
in its intrinsic and extrinsic (thermal noise due to the parasit@xpanded as a frequency polynomial] = [C°] + [fi][C'] +
elements) contributions [18].4 = CEXT + CINT where -+ + [fF][C*] + - - - whose coefficients are given §g™*] =

[Cﬁacééa RECan ImeQ]T-
CHXT = 0% 4+ (AgAi)C% (A A )T +H(AgPr4)C5(A,Pz4)T  The elements of matrid] only depend on the FETS]-

+ (AgPZAPYZ)C%/d(AgPZAPYZ)-i— ) parameters, and the source impedances. They are given by
CYNt =P-Cd - Pt 3 My =|Pul? +|Z|?| Pu|* + 2R Re(P11F3))
_yINT —2XL Im(P, Py 7
P=AyPz4PyzPpy,Puy = [ Ylﬁw 1] (4) s (Z 121 21)2 ; . ()
421 MiQ = |M12| + |ZS| |P22| + 2RS RE(P12P22)
The meaning of the matrices in (2)—(4) are (see Fig. 1) as - 2X5 Im(Pl?PQB)‘ (8)
follows: Mz =2 Re( P11 Ply) + 2| Z5|* Re(Pr2Ps,)
A, ABCD (cascade) matrix of the gate two-port; + 2R% Re(Po Py, + P Pyy) (9)

Ais ABCD matrix of the series connection of the My = —21Im(P1, Py) — 2| Z5|? Im(Pay PLy)
source two-port and the intrinsic FET;

P,,. conversion matrix fromn to m noise-source con- —2Rs Re(Pri Py — P Py). (10)
figuration (for details see [8, Table I]); The linear system (5) is solved faB/NT by a fitting

C;  impedance noise matrix of the source passive twprocedure that involves the estimation of a large number
port; of parametersCﬁ; (k = 0,1,---). This multivariable opti-

el admittance noise matrix of the gate-to-drain passivaization problem is divided into subproblems with a smaller
two-port; number of variables (one or two). This method has been

C%  ABCD (cascade) noise matrix of the gate passivgpplied in the literature to the extraction of equivalent circuits
two-port; to avoid local minima in the error function [19]. The noise

C4  ABCD (cascade) noise matrix of the drain passiveatrix elements which produce the highest sensitivity in the
two-port; noise parameters, i.eQ?j, are first computed by assuming no

cggNg intrinsic voltage-current (hybrid) noise matrix. frequency dependence @LNT (Ci’} =0,k=1,2,---). With
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this assumption, (5) is solved fcoi’?j by least squares using VNA-HP8510B

pseudo-inverse calculation. The values obtalnedd’ﬁjr are ~| ooo GPIB (ﬂ%
® -

used as initial values in a simplex algorithm that estimates

O and C}; for the best fit of the computedfs, (5)-(10) to

the measured’s, using a robust Huber error function [20].
Note that other noise-source configurations can be used in

(5), simply by changing the matri¥gy; €.g., the admittance

Vgs Vi
INT i i [ A2 Plane. é A NMS
model (current—currentf’iT, can be used iy is set to Sg)%lng 1o § Kne: P?Q Lj NMS
the identity matrix. In this case, the frequency dependence @ | - lupsezic |
‘ ||

HP-346C
Plane 1'

the intrinsic noise matrix can be approximated G§;'* =
Cfl . f270{1;T_ = 0%2 . f and CgQ\IT = 032 + C(212 . f [9], CASCADE- MICROTECH
[13]. Shot noise can also be included by adding a current SUMMIT-9000
noise source in parallel to capacitan€g,, with a spectral i 2 M ¢ set

density of 2¢Igs (A%/Hz), and a current noise source in ‘9. 2. Nieasurement setup.
parallel to capacitanc€,,, with a spectral density dfg/ap
(A2/Hz), wherelgs andIgp are dc currents flowing through TABLE |

gate—source and gate—drain diodes, respectively. Siage IMPEDANCES USED IN THE “M ANUAL” RECEIVER CALIBRATION
Igp, and ggiq (gate—source diode conductance) are known
from dc measurements, the shot noise contribution is treated

Standard at plane B (coaxial 3.5mm) Standard at planes 1-2 (on wafer)

. . A . i ) : Noise Source Hot/Cold Thru
as extrinsic by adding a new term in (2). This term is written Short Thi
as (Pspor - C37°T - P4 or), where Match Thru
CSHOT Short+coaxial attenuator 1dB Thru
Y I Short+ coaxial attenuator 6 dB Thru
GS —+ I GD — I GD Short+ coaxial attenuator 10 dB Thru
= 2qu (1 + gdidRi)Q + (wchRi)Q Short+cable Thru
_IGD IGD Short Transmission Line 1 mm
and Psgor = AgzPzaPyz. Shot noise effects are only Short Transmission Line 2 mm
noticeable for frequencies below a cutoff frequerfgywhich - Short

can be estimated as [28] Maich

~ 1 2qIngm
fc = a_ 2 2
2r \| 4k ToCZ R(1 - C?)

Coplanar attenuator 10 dB

where R, C are coefficients of the admittance model [9] I:()Plane 1’. As more than four source reflection coefficients are
the dc bias and frequency band (2—-26 GHz) used in this pap ?eded at Fhe recever ple_me 2 t(.) guarantee a good accuracy in
this effect is negligible. theé determination of receiver noise parameters, additional on-

wafer elements (offset line lengths, attenuators, and matched
loads) are introduced between the probe tips (planes 1-2).
Table | shows the coaxial/on-wafer elements that have been

Fig. 2 shows the experimental setup. It is composed bysalected to produce a convenient set of (tuner) source points.
wafer-probe station (SUMMIT-9000, Cascade-Microtech), dProvided that their reflection coefficients are accurately mea-
automatic network analyzer (ANA) HP 8510B, up to 40 GHzured, the impedances need not be either the same (for
a noise measurement system (NMS) HP 8970B/8971C, updifferent setups) or repeatable (for a given setup). In fact, the
26.5 GHz, and an electronic broad-band noise source HP 34@€livered noise powers and reflection coefficients are measured
up to 26.5 GHz. The NMS includes a wide-band low-noisguccessively, as a function of frequency, for every impedance.
amplifier. An input and output switch are used to automaticallfter the measurement is completed, the impedances will not
select the ANA for S-parameters and reflection-coefficienbe connected any more. All tuner measurements are performed
measurements or the NMS for noise power measurement wigth-room temperature.
out disconnecting the system. Any connection/disconnectionThe calibration procedure is as follows. First, with the input
would degrade the measurement accuracy. and output switches at positiomsand A’ respectively, a two-

To fully calibrate the receiver noise contribution at plane ort, on-wafer line reflect reflect match (LRRM) calibration
its four noise parameters are needed. Obviously, the procedi24] is performed at the probe tips (on-wafer planes 1-2 in
explained in Section Il cannot be used in this case, bhig. 2) to calibrate the ANA. Then the input switch is set
only a conventional, tuner-based method. However, since tieeposition B and a one-port coaxial open short load (OSL)
receiver front-end is a well-matched low-noise amplifier (thealibration is performed at plang with a planar “thru” line
magnitude of itd",, is small), there is no need for automatic(1-ps delay) connecting planes 1 and 2. The noise source is
expensive tuners. In fact, a “manual” tuner has been useshnected to plan# and set to its “hot” state. Using the error
here, composed of coaxial (3.5-mm) standards, commongrms computed in both calibrations, its reflection coefficient
found in a microwave laboratory, which are connected tnd receiver reflection coefficient are measured (switches set

Ill. CALIBRATION PROCEDURE
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Fig. 3. Measured receiver noise parameters: with manual tuner using g 4 Mela65ured receiver noise parameters: mean value and standard devi-
method proposed in [3]—) and using an automatic tuner (NPTS commerciaflon Over 16 measurement sessions in one year.
system} (o).

IV. TRANSISTOR MEASUREMENT PROCEDURE

to positionsBA’ and AB’, respectively) and referred to planes After the receiver calibration, the FET is inserted between
1 and 2, respectively. The switches are then set to positiadhe on-wafer planes 1-2 in Fig. 2. The FET is biased in the
BB’ and the noise power delivered by the noise source to thetive region and it§-parameters are measured to 40 GHz for
receiver is measured. The noise source is disconnected, dheumber of drain-bias currents The small-signal equivalent-
tuner standards are successively connected to plgnand circuit extrinsic (bias-independent) element®,, R,, R,
their reflection coefficients and noise powers are measurdg,, L,, Ly, Cps, Cpa, Cea) are obtained by “cold FET”
With all the collected data, the four receiver noise parametergasurements (see, e.g., [26]). From the FEMmatrix and

are determined by following the method proposed in [29he extrinsic-element values, the intrinsié-matrix [¥;)N"
Alternatively, the method proposed by Davidson [5] has alse (4)] is computed at every bias point. The intrinsic (bias-
been used. Results are very similar, as expected wheneverdbpendent) element values need not be known. The intrinsic
receiver is well matched [29]. Fig. 3 shows the experimental-matrix and the extrinsic-element values are used to compute
results. The receiver noise parameters measured with the ABCD, correlation, and conversion matrices required (see
“manual” tuner are plotted and compared to those obtainGeéction Il). The noise source is then connected to plarad

with an automatic broad-band tuner included in a commercigitched between its hot and cold states. Noise poes;,
noise-parameter measurement system (NPTS) from Cascadgs; , delivered by the transistor at theh frequency(i =
Microtech! Only very small differences can be observed, 2,--., N) are measured in the whole noise measurement
which are within the measurement uncertainy0[15-0.2- range (2—-26 GHz), for the same bias points. Commercial noise
dB root-mean-square (rms)]. Furthermore, the “manual” tungources have slightly different reflection coefficients in their
calibration is very repeatable, as shown in Fig. 4, whetet and cold states, but the variation is very small (typically
the mean value and standard deviation of the receiver nojgd’| < 0.015 dB). Neglecting this effect, the FET noise figure
parameters, measured 16 times in one year, are plot aghar(I'%) is computed at théth frequency(é = 1,2, -, N)
function of frequency. This is expected since the measuragd

short-term-gain (3—_h)_ stability of the sgtup is less than 0._05 iy Pioip - (TF — T L 2 B B(Thur)

dB. The small deviations can be explained by a combinatidfrrr(1’s) = T (Pi_ _ pi ™~ a .
. : 0 ( HOT COLD) 0 avIRT

of the measurement uncertainty and fluctuations of the setup (11)

characteristics in time.

To summarize, the advantages of a “manual” tuner calithere 'y is the noise-source reflection coefficient referred
bration for the receiver full-noise calibration are availabilityto planel, 7; is the noise-source hot temperature (obtained
adaptability to the particular user needs (measurement rarigem the noise-source calibrated ENR data) referred to plane
setup configuration), and measurement accuracy. MoreovkrZ} (= To.u) is the noise-source cold temperature ambient
because only 8-12 source reflection coefficients are requirtgimperaturei .. is the transistor available gain (computed
the calibration time is only slightly greater than using afrom the transistoiS-parameters andly), and F5>(I'typ) iS
automatic tuner. the receiver noise figure for the FET output reflection coef-

Alternatively, other calibration techniques which do noficient I';, ;. (computed from the receiver noise parameters
require a standard tuner have been proposed [25] and cotédermined in the calibration). Introducidgrrr (') and L
be used here as well. in (5)—(10), together with the required BC D, correlation

and conversion matrices (computed from the FET equivalent-

INPTS-26 System, Cascade—Microtech, Inc., Beaverton, OR 97005 USgircuit extrinsic elements and™T), the system is solved for
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Fig. 5. Measured noise parameters of a @-gate length, 2x 50 um z
width HEMT. (Vg5 = 1.5 V. Vs = 0.5 V). Comparison off5, measured & 50
(—) and F5y computed from the noise parameters measured with the new
technique (- -).
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the hybrid-noise matrix eIemen(é}fT at every bias point, as Fig. 6. Comparison of noise parameters directly measured using the com-

. . . . T mercial NPTS systetn (o) and noise parameters measured with the new
explained in Section Il. The FET cascade noise maﬂ&[ technique(—). The FET and bias point are the same as in Fig. 5.

is computed using (3). Finally, the transistor noise parameters
are obtained from well-known transformation formulas [8].

V. VERIFICATION AND EXPERIMENTAL RESULTS 18 GHz ‘ O NPTS - New FSOI 12 GHz

The noise-parameter measurement method proposed in this NF..(@B) R, (@) , NF,@B)  R,(Q)
paper has been tested up to 26 GHz on on-wafer high electron} A w0 . 50 9 ;
mobility transistors (HEMT's) with gate lengths of 0.3 and Z 5 :Z / Z M} :2
0.5 um, from the FhG-IAF DPD-SQW process (Foundry of | w0 ) S-canE R SO
Fraunhofer Institut, Freiburg, Germany). In this section, exper-~  ‘It? ™ ° %,° * ° In,, Doy
imental results are presented, and a comparison of the novell 150 ™

_ 05l o o ool 100 05} OG0 060509 i
g’in\itarrllc.)d with tuner-based methods and othgs methods is 0000 000" 52 DU 0 Z N

% 10 20 30 [} 10 20 30 ¢ 0 20 3 0 10 20 30

In Fig. 5, the accuracy with which the fitting algorithm Tds(mA) Hds(mA)

adjusts the measured noise figurg, given by (11), to the _ _ _
noise figurefs, computed using (1) from the meastred noisl. 7. ies depenience,cf the nace parameters mensureg wih e e
parameters, is presented. The frequency range is 2-26 Gzig. 5 (/. = 1.5 V).
The FET is a 0.3:m device with a 2x 50 pm gatewidth
(Ves = 0.5V, Vyo = 1.5 V). The agreement is excellent
within the measurement accuracy (including noise meter and <16 1™
noise source) of about0.15—-0.2-dB rms. This result supports 10 N 2
the validity of the method proposed because the measurement N § 0
of noise figure for a matched sour¢gs,) is very insensitive g >g %

59| s B | S

ol

to measurement uncertainties. Thus, the measkgdan be

o]

taken as a reference. 5 4

The transistor noise parameters determined fiBsp by 0 ) %0 0 w0 2030
solving (5)—(10), as explained in Section Il, are compared to NG 5
the noise parameters measured using the commercial NPTS b N 4lo
from Cascade-Microtedtbased on a broad-band tuner. Fig. 6 T e A
plots the results as a function of frequency for the same FET LEY &3 6%%5@%50;

and bias point as in Fig. 5. Fig. 7 shows two plots as a function
of the drain bias-currenf; at 12- and 18-GHz frequencies,
respectively. In both figures, the agreement is very good. Fig. 8. Measured hybrid noise matrix elements with nEys method as a

Fig' 8 p|OtS the im.rinSiC hybrid noise matrix elemgnt%nction of frequency—) and the extracted from noise parameters measured
determined as a function of frequency for the same device vt the commercial NPTS systénfo). The FET and bias point are the same

in Figs. 5-7. The elemen®[}'" is a constant, as suggesteds in Fig. 5.

in the literature [10], [12]-[14], whileIm(C57T) is very

small (also suggested in [17]), one order of magnitude smaller

than Re(C[5T), and almost constant. The best fitting oflope is allowed forCIYT and Re(Ci»). The frequency
F50 has been obtained wheRe(CI3T) is not neglected, in dependence obtained f&¥l}'* is in accord to Monte Carlo
agreement with the literature [17], and a negative frequendgvice simulations [30]. This effect has also been observed

0 10 20 30
t(GHz) 1(GHz)
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Fig. 9. Comparison of methods. Noise parameters of gun3-HEMT with
2 x 50 um gatewidth measured with NPTS (0), néto technique(—), Fxo Fig. 10. Estimated drain temperature of a pi®HEMT by using the new
method proposed by Dambrine [¢]— -), F5o method proposed by Tasker F50 method(—), the F5o method proposed by Tasker [12] (d)r-), the
[12] (- -). Fyo method proposed by Tasker [12] plus a linear regressien-), and the
tuner-based commercial method NPTS«).

in the measurement of devices from other GaAs technologies . .
(F20 MESFET from GEC-Marconi, DO2AH pseudomorphid Unér-based methods are particularly sensitiveltg,|. In
HEMT (pHEMT) from Philips, and other pHEMT’s from fact, they show a frequency ripple that begomes more signif-
CNRS). icant at_low frequencies (_the same _effect is observed at low
Fig. 9 compares the results of &, method proposed in bias dramfcur.rent) for whicll'op¢| is high. This effect can be
this paper with those obtained by applying ottigs methods observed in Figs. 6, 7, and 9. Consequently, the_acc_uracy of
previously published [9], [12] and the commercial sysfem{uner-based methods may decrease whengugs| is high.
The measured noise parameters of a 8-device with a [N contrast, theli-based methods give a smooth noise-
2 x 50 um gatewidth are shown. Main discrepancies betwe@grameter frequency dependence because they are based on
the threeFs, methods are observed [floy| and R,,. In the the fundamental assumption of a smooth intrinsic noise-source
method proposed by Tasket al. [12], the discrepancies candependence of frequency.
be explained becaus&NT is neglected (Pospieszalski mode| T0 determine the sensitivity of tuner-based methods to
[10]), and CINT mainly affects|['oy| and R, [8], [14]. In |IU'opt|, @ Monte Carlo analysis was performed. The inputs to
the method proposed by Dambriee¢ al. [9], the correlation the Monte Carlo algorithm are real measurements (noise pow-
coefficient of the admittance model is assumed to be purdl{s,S-parameters, and source reflection coefficients) obtained

imaginary and related to parametdts P by the approximate from the tuner-based system. The measurements are randomly
expressionC' = (R/P)'/2?, and this assumption is equivalenferturbed within the measurement uncertainties. Uncertainties

to O}NT = 0 [10], [13]. were estimated from the data provided by the ANA and NMS
An improvement in the determination &f; (and, conse- manufacturers, and by a direct measurement of reflection-
quently, the four noise parameters) when using the methgeefficient and noise power random fluctuations in a number
proposed in [12] with the Pospieszalski model [10] is achievéd time series. The measured uncertaintieglihwere 0.05%
by allowing a linear frequency dependence (linear regressidi)d 0.12%, respectively for the ANA and NMS. Detector
for T;;. This is equivalent to imposing the following constraintgionlinearity (evaluated from NMS manufacturer’s data) and
in (5): CI3T = 0,CNT = 4kT, R; A f,CINT = 4kTyAf/Ry.. Measured gain unstabilities were also taken into account in the
Fig. 10 compares the results of estimatifigusing the method simulator. The noise parameters were then determined from
proposed in [12], the method proposed in [12] plus a linedte perturbed data by a number of measurement methods [2],
regression fofl;, the F5, method proposed in this paper, and3] and extraction procedures [5]-[7]. An important advantage
the commercial method [4]. The frequency slope and valuesthe Monte Carlo method is that no analytical expressions
of T; obtained with linear regression are in a close agreemee required to compute the errors; specifically, errors are not
(within measurement uncertainties) with those obtained wittdmbined as in rms or worst case (WC) classical analysis,
the F5o method proposed here. and error propagation is intrinsically taken into account. Con-
The accuracy with which the transistor noise parametesequently, results of the error analysis are more. The results
are measured depends on a number of measurement variables presented in Fig. 11, in which the simulated error (rms)
such as the ENR value and magnitudd’gf; (|I'opt|), onun- in the determination of the noise parameters is plotted as
certainties in the required measurements, suc§rparameters a function of |[I'ope| at f = 9 GHz. The errors show a
and noise powers, and the ENR calibrated-data uncertairgyick increase afl’,,;| is greater than the maximum source
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Fig. 11. The rms error in the noise-parameter measurement with tuner-based
methods as a function ¢f',¢|, computed from a Monte Carlo analysis, for
a 0.3um HEMT (f = 9 GHz). ) . ) ) )
are used in this section to obtain a particular model for the

measured FET’s.
. " . . . Referring to Fig. 1, the rms value of the voltage noise-
reflection coefficient. This result is in agreement with othely 1ce o (CINTY is proportional to(R;T,) according to
works [3]. The maximum source reflection-coefficiertO(6 Pospiesgalski’s model [10F;, is weakly depgendent ofy, and

in our case) is limited by the tuner itself and especially by e, \/51e is close to room temperature [12], [15]. The following
losses between the tuner platieand the input coplanar probe"rlear approximation can be used:

(plane 1). Error is particularly important in the lower frequency

band (f < 10 GHz) for which|I',,;| is very high (close to one). Ty =Tyo+ Ty 1y. (12)

This effect can be recognized in the frequency dependence of

the noise matrix extracted from the noise parameters measuredhe resistance R; is obtained from the measured

with the tuner-based system (see Fig. 8). However, becauys@arameters and the small-signal equivalent circGify'™

the receiver exhibits a lowl,,;| (about 0.15 in Fig. 4), can then be expressed as

tuner-based methods can be confidently used to determine the

receiver noise parameters, as it was performed in Section Il CIT — 4kAf - =L Ty (13)
The measurement errors df, methods are basically in- Z

dependent of|T,,;| because the magnitude of the sourcghere Z is the FET gatewidth and?; is the R; of a unit

coefficient|['s| is very low. They only depend on the gainwidth. Alternatively, CIX'T can be written in terms of the

fluctuations of the NMS setup, the ENR uncertainly, and tfRET intrinsic cutoff frequency(fr = g¢,./(27Cg)) [21]:

noise-detector nonlinearities. Taking into account all thesgl YT o f2.

effects, the simulated results show error values of aboutAccording to the same model [10], the rms value of the

(0.15-0.2-dB rms in the measureih, up to 26 GHz, in current noise source, (CIYT) is proportional to(T;/Rqs),

agreement with the experimental results (Fig. 5). The standavtlereT; is nearly linear [11], and?y weakly dependent, on

deviation in the determination of the FET noise parameters has The same dependence 6£5T on I, is proposed in [21],

been computed from a Monte Carlo analysis (see Fig. 12). TWere the following expression is given:

values obtained are similar in all frequencies up to 26 GHz,

R

and they are significantly lower than those obtained with tuner- i3=2q-Af-n* Iy (14)
based methods, in particular at low frequencies or for low-bias ) ] )
drain currents, for whichL'o| is high. wheren is a technological parameter that depends on materials

and the fabrication process. Alternatively, technologists may
prefer to use the well-known Fukui semiempirical expression

for Imin [22] in terms of a fitting factork s that is related
Using the procedure described in Section Il, the dependeneer; by [11]

of CLiii on the frequency(f) and the normalized drain-bias

currently (I, = Iys/Z wherely is the drain bias current and 2 e

Z is the FET gatewidth) can be easily derived. In this section, Ky = T, \| Rasgm

simple expressions for the intrinsic noise matrix elements

cit, ¢INT, and CI5T as a function off, I,, and Z are where R,, and g,, are obtained from the measuregt

proposed to produce a scalable noise model for the FET, whizgdwameters and the small-signal equivalent circuit. In [23],

is useful in computer-aided design (CAD). These expressiomsother expression is proposed fist: in terms ofl; and Z

VI. APPLICATION TO FET NOISE MODELING

(15)
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Fig. 13. Measured—) and adjusted (from noise model) (o) drain current
dependence of the_ hybrid noisermater:(: 20 GHz) for a 0.5x#m gate-length 20 3 15 15 9% 3 10 15
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1 .
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where L is the gate length, and the technological parameters o

«, (3 are basically independent of the active-layer geometry. 0 > emnl 15 0 % erma 15
Our experimental results (see Fig. 10 for comparison) show

T ; . Fig. 14. Noise parameters of a Qr device with 2x 50 pm gatewidth
a very close agreement betwe@ﬁ; obtained under no sim measured (0) and computed from the noise mode) obtained from a

plifying assumptions on the hybrid modél;}, as proposed 2 x 25 um gatewidth device f = 26 GHz).
in this paper, and’iY'* (or, equivalently,7;;) obtained using
the expressions given by Pospieszalski [10] for the simplified
hybrid model (in which the correlation coefficient is assumelﬂ Section V,
zero). In other words, the arguments given in this section f
the dependence @fly* on I, are valid for the hybrid model
(with no simplifying assumptions) proposed here. Howev
our results show that’ly'! is also frequency dependent an
that CIXT has an important effect in the determination o
the FET noise parameters, thus, it should not be neglect(a
It is found thatCI5'™" is basically real and thake(C3T) is
linearly dependent orf;. Depending on the FET type, it is
found that the best results in the determination of the FE',I
noise parameters are obtained if a linear dependencg isn
allowed for Re(CIYT) as well.

Consequently, the following frequency- and bias-curre

it can be used for any FET in the microwave
P:inge because it is based on physical considerations of the
dependence of the noise sourcesigrand frequency. Alter-
atively, it can be formulated for other intrinsic noise-source
onfigurations, for example the admittance (current—current)
nfiguration [9], by allowing an appropriate frequency and
in current dependence of the intrinsic noise sources based
on physical considerations [16].
Fig. 13 shows the drain bias-current dependence of the
easured hybrid noise matrix and the adjusted model using
(16)—(19). The drain noise-current densit}y* is a linear
n]iunction and the voltage densityY'T depends on the intrinsic
) ) utoff frequency fr as (1/f2). Therefore, it decreases with
dependent scalable m/odel is proposed: I;. Re(CIXT)/ fr is a(liéeg)r function ofl,. It is clearly
INT _ R; seen that the correlation coefficiedfN* cannot be neglected,
Ui _4]{Af'7 (T + Ty - o) (7) in particular, for high drain bias %:urrents. To the authors’
Ot =4kAf-Z -[(a4b- 1)+ (c+d-1;)- f] (18) knowledge, the results obtained fa&?iNT have not been
Re(CINTY =4kAf - fr-(g+h-Ig+(m+n-1y) - f) published before.
(19) To verify the scaling capability of the proposed model,
the measured intrinsic noise-matrix of a By device with
where the unknown coefficients are fitted with a linear re&¢ 2 x 25 um gate length was used to compute the noise
gression off,, CIN'T, andRe(Cy»)/ fr versus the normalized parameters of a 0.pm device with a different gate length (2
drain currenti,. x 50 pm). Table Il shows the model for the O;6n devices
Although this model has been obtained from the measum@htained by fitting the coefficients in (16)-(19) to the measured
ment of a number of particular HEMT devices, as explaingdtrinsic matrix. Fig. 14 compares the scaled noise parameters
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of the 2 x 50 um device to those directly measured by usingL1]
two different methodsFo proposed here, and the commercia]lzllz]
tuner-based systemThe noise parameters are plotted as
function of I; at the 26-GHz frequency, and show a good
agreement which supports the self-consistency of the modétZ]

VII. CONCLUSION

[14]

A mathematical method for determining the noise matrix

INT
Cegid

of FET's based on the measurement Bf, for a [15]

redundant number of frequency points has been proposed
and successfully applied to HEMT's. By assuming a linegig)
frequency dependence (higher order polynomials have also
been considered with no significant improvement of results)

for the elements ofCINT

aid» @n excellent agreement betweer7)

the computedFs, and the measured’s, up to 26 GHz

is achieved. The noise matrix elements obtained, and thﬁié
frequency dependence, agree with results previously publisheci
by other authors. An enhanced accuracy (compared to other

F5o methods in the literature) in the determination of the FE

noise parameters is obtained We(C1Y™) is not neglected

and a linear frequency dependence is included®#(CLyT)

[20]

and C35'". An automatic tuner is not required to perform theyy;
receiver full-noise calibration, but only a versatile “manual
tuner,” commonly found in a microwave laboratory, which

produces the same accurate results. Theoretical Monte Carlo
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