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Abstract—An algorithm is presented that allows for noniterative Gate Cyd Drain
extraction of the parameters of the Pucel and Pospieszalski FET o I o)
noise models directly from noise-figure measurements. Since the Cgs ‘Vés l
goal is to minimize the number of source—pull measurements, the ) .
number of different source admittances required as a minimum to Rgs gm'\@S@CdS §<'3>
determine the model parameters reliably is investigated. It turns <v923> TF‘ds
outthat, in the case of the Pospieszalski model, 5Q-measurements o o
are sufficient, while in case of the Pucel model, three additional Source

source impedances have to be taken into account. The results are
verified by investigating MESFET and pseudomorphic high elec- Fig. 1. Intrinsic equivalent circuit of the FET including noise sources.
tron-mobility transistor devices.

Index Terms—Equivalent circuits, MESFETs, MODFETSs, noise  Thijs approach is applied in several algorithms that have been
measurement, semiconductor device modeling, semiconductor de-, - 5osed to calculate the noise model parameters directly from
vice noise. . . .

the noise figures (NFs) measured at 8Csource impedance
[2]-[4]. In these algorithms, the underlying noise models are
I. INTRODUCTION simplified, or exactly 5(2 source impedance is required. In

N ORDER TO describe the RF noise of a MESFET or higﬁontrast, the algorithm presented here (which is based on [5]),
electron-mobility transistor (HEMT), one has to determin@!lows for direct noniterative extraction of the parameters of the

the parameters of the noise model in addition to the smalI-sigr#:):ifzc_si:"e_SzalskI [621 and Puoe:;al. [|7] nplhse models W|tr_10utds|m-
equivalent-circuit elements. Although, in principle, a set:of Plifications. Furthermore, the algorithm is not restricted to ex-

linearly independent equations is sufficient to determingn- actly 5042 source impedance, which is difficult to realize in

knowns, in practice, a much larger number of measurement?igéo?d frequency (;gng?. fThe alglt?r|thrr|1 C,a:;“'atej the n0|sfe
required to extract the two to four unknowns of the noise model§° ef parameters |redcty rom a linearly md epen efnt set o
Thereby, measurement inaccuracies cancel out and the acculfige factors, measured varying source impedance or frequency,

of the model parameters and stability of the extraction algorith?ﬁ oth. ) ] )
are enhanced. The disadvantage of single-source impedance measure-

Most algorithms rely on the source—pull measurement tedReNts, however, is that even a large number of measurements
nique to extract the noise parameters from a large set of pardtfrformed in a broad frequency range may result in a set of
eters at a single frequency, e.g., by employing the correlatiﬁﬁ’akly Ilnear.depepdent equa_tlons. It is, therefore, the aim of
matrix method [1] to deembed the parasitics and to determiffiS Paper to investigate to which extent the number of source
the intrinsic noise sources. The drawback of source—pull mdgPedances can be reduced without sacrificing accuracy in the
surement s that these measurements are both elaborate and f@ction. o -
consuming since they require expensive tuner systems and freYIESFETS as well as pseudomorphic high electron-mobility
quent calibration. A way to bypass this problem and thereby ¥@nsistors (PHEMTS) in the frequency range of 4-26 GHz are

facilitate and speed up the measurement procedure, is to take{sidered.

frequency dependence of the noise factors into account. This is

possible in the microwave range, where the parameters of the

noise model are assumed to be frequency independent. Il. MODEL PARAMETER EXTRACTION

We consider the two most common noise models for
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Fig. 2. Extrinsic embedding network. The resistances exhibit thermal noise. 0O 5 10 15 20 25 30 35
f (GHz)

(igiy) = CVRP4kBTowCys. The Pospieszalski model, thereig. 3. source reflection coefficient, applied in the single source
fore, has two parametet$ andZy, while Pucel’'s model needs measurements.

the parameterd?, P, andC, whereC is a complex number.

To calculate the noise factor, the correlated short-circuit noigéso, the two-column matriD is different for the two models

currents of the entire FET (see Fig. @}, ) and(i2,) are first (@ Zi+Bire) —7Zie
calculated. The NF of the FET at a given source admittance ' ' '
Y, is determined from the short-circuit current. Relating D= —(aZintPZin) —vZin
the short-circuit output noise current in case of a noisy and —(aZi11+BZi12) —vZi12
noise-free FET, i.e.(i3) and (i3,), respectively, one obtains (@i + B — Zi oy
the following forNF = (3} /(43 ,): . " " "
with
\F 1. ABCAB)  (ADJEMAD) @ = VB (Yi 11 + Y5 12)
@ T @ W #= VRt = Vi)
. . v =1/V Ras

where the t denotes the Hermitian conjugate and _ ) ,
(2) = |Yar/(Y, + Yi)[2(i2), where Y denotes the for the Pospieszalski model, and for Pueeal.’s model

Y -parameters of the entire FEY, denotes th& -parameters o =(WCgs)//Im
of the FET without the extrinsic capacitances, andand Z; B =0
represent th& - and Z-parameters of the intrinsic FEY,, is
the admittance of the source, whose thermal noise current is Y =VYm-
given by (i7) = 4kToBRe{Y,}. Ty is the ambient temper-  Equation (1) represents a linear equation of the unknown
ature, &k denotes the Boltzmann constant, aBdis the noise model parameter§), and 7;; or P, R, and CVPR, respec-
bandwidth. tively. From several measurements that generate a set of
The matrices are given by linearly independent equations, these parameters, therefore,
can be determined directly by a linear least-squares algorithm.
Yo ) Yoy ) ) ) In order to do so, (1) is rearranged so that the unknowns are
A= < {m} i, 11 {m} i,12 — ¥ 21 _Yi,22> now contained in a single vect® instead of the matri¥E. In
‘ ! the case of the Pucet al. model, two new elements are formed

2

1 (1) (1) from the above matrices and vectors as follows:
B=11 10 G— (AD<1> AD<2>) @)
1 0 1
AD®W 0
R, O 0 @)
C=2%,B| 0 R, 0 |. H— 0 AD
0 0 Ry AD® AD®
. . . o —jAD® ADW
The matrixE contains the noise parameters of the intrinsic
FET DWW andD® denote the first and second columns of matrix
D, respectively. The vector of the unknowns is
T, 0 T
B =25 < 0 Td> X = (R P Re{C}WRP Im{C}\/RP)
for the Pospieszalski model, and in case of the Peicllmodel O the Pospieszalski mod€k has the same form, as in (2) and
ADW 0
Jir - ( )
< R RP) 0  AD®
E = 2kBT, ) .
C*VRP P X =(T, Ty".



RUDOLPHet al: DIRECT EXTRACTION OF FET NOISE MODELS FROM NF MEASUREMENTS 463

22 od ] measured 4
14 iy 15 | PPosp. sp &
L osp. 50 Q@ —
—_ 12 = 14 7| Pucelsp v
a = Pucel 4 I >
~ 10 c 13
of measured 4 €
g || Posp.sp 2 w o {2t
Posp. 50 Q —
Pucel s-p ~ 11+
6 1| PuceldT, x| . ] ’ . . . .
0 5 10 15 20 25 30 0 5 10 15 20 25 30
f (GHz) f (GHz)
1
140 rgeasured D
i osp. s-p 2
120 * Posp. 50 Q —
> 100 _ I:’Pucle|43- v
3 80} 8 075} RS e
—~ 60 | measured 4 =
N Posp.s-p 2
40 Posp. 50 Q —
20 Pucel s-p ~ "
Pucel 4T,
0 . . . 0.5 - i
0 5 10 15 20 25 30 0 5 10 15 20 25 30
f (GHz) f (GHz)

Fig. 4. Noise parametefs, i, .., [Topt|, and 2T, of the HEMT atVy, = 3 V andI, = 15 mA. Measurements&) simulated with PospieszalskiY) and
Pucelet al. () models extracted at every frequency point from full source—pull data, simulated with the Pospieszalski modelfrone&Sarements (—), and
with the Pucekt al. model extracted from a minimum set of source impedances) (-

For both models, the equation for each measured noise factor 10
NF is written by

(AB)C(AB)"  (GH') @)
(i%o) (%)

Finally, the equation that one has to solve is found to be

NEF =1+

T(10°K)

N 2 0.1 . . .
! A, B, )C(A,B,)f G, Hf
Miniz 1—NFn+( YC( o ")X 0 5 10 15 20 25 30 35

n=1 <[l’i0,n> <I[’i07n> Id (mA)

(4) Fig. 5. Noise temperatures, and T, of the Pospieszalski model, mean
. values extracted from source—pull data (HEMT: empty symbols, MESFET:
with the number of measuremema solid symbols), and from 50 measurement (HEMT: solid lines, MESFET:
dashed lines with crosses).

Ill. RESULTS

2 ‘ ' — %
15t
]

MESFET and pHEMT devices were measured on-wafer.
Source—pull noise measurements up to 26 GHz with 13 source
admittances were performed in order to determine the four

two-port noise parametefs,,;,,, R,,, andl’,,; of the FETSs. For 0.5 ¢

details of the measurement setup and FET device parameters, Or

see [8]. The source reflection coefficient that is used in the 05t

single source extractions is shown in Fig. 3. These values 1 . .

correspond to the tuner settings closest ta5@"; = 0). 0 5 10 15 20 25 30 35
First, noise model parameters are determined from the full set lg (MA)

of source—pull data for every fr_equenc_y. Forboth models, the pa. 6. Noise parameter®, R, andC' of Pucelet al. model, mean values
ra_m_eters can be extracted re“abl_y (Fig. 4?' Ina Sec_ond step, ﬂ%ac'ted frompfull sourcé—pﬁll datao (HEMT, e I\'/IESFE"I'), and from
minimum number of source admittances is determined. It turmgasurement with four source impedances (HEMT: solid lines, MESFET:
out that the two parameters of the Pospieszalski model candgghed lines with crosses).

extracted from a set of NFs measured at various frequencies with

a fixed source reflection coefficient (Fig. 5). In order to extracre linearly independen(f’;| = 0.5 with /'y =~ 0°, 90°, —90°

the parameters of the Puclal. model (Fig. 6), measurementsis chosen. These values are not too close together and are ex-
with three additional source impedances have to be performpdcted to yield moderate NFs. Measurements performé&d at
Since the location of the source reflection coefficients in thtbat lead to high NFs may lead to difficulties when determining
Smith chart determines whether or not the resulting equatiohe value {},;,) and location in the Smith chart’(.) of the
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minimum NF. It turns out that the extraction is reliable for th
devices-under-test at all drain currents investigated here. Fur
reduction of the number of source reflection coefficients lea
to instabilities in the extraction algorithm. While the measur
ments themselves still are modeled well, the extracted para
ters cannot be used to predict the noise behavior of the de
under different conditions. This indicates that the equations
weakly linear dependent, and do not provide enough infor
tion to extract the unique set of parameters.

IV. CONCLUSIONS

An algorithm has been presented that allows for extraction
the parameters of the Pospieszalski and Petcdl noise models
directly from NF measurements. It is not necessary to determi
the four two-port noise parameters first. Thereby, measureme
at different frequencies as well as common source—pull me
surements at different source reflection coefficients can be tak
into account. In the microwave region, where the model param- :

. . ower transistors.
eters are frequency independent, measurements at different fre-
guencies can be used to increase the accuracy of the extraction.

It has also been investigated to which extend the source—pull
efforts can be reduced without sacrificing accuracy. Whil
only measurements ne&l, = 0 are required in case of the
Pospieszalski model, four different source impedances ¢
required to determine the parameters of the Patal. model.
It, therefore, can be concluded that the algorithm present
here allows to significantly reduce measurement efforts wh,
the Pospieszalski model is used. It also can be concluded
the two additional parameters of the Puethl. model prevent

circuits (MMIC) design.
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