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Abstract—This paper presents a direct extraction method for Associated with every model, there should always be an
the associated noise temperature§; and T, in the field-effect extraction procedure to obtain the parameter values. A dis-
transistor (FET) temperature noise model. The method is related advantage of many models is the lack of a rational ex-

to nodal analysis of circuits. T; and T, are extracted from the . . . .
small-signal rxodel parameterg and thge noise parameters of the traction methpd. ComPared W'th the field of small—slgnal
device. It is also theoretically shown that there exist source Model extraction, the field of noise-model extraction is less
admittances that cancel the thermal noise contribution at the developed. In discussing noise models, the extraction proce-
output from either T or T, in the model. Finally, a commercially dure is often simply explained as “matrix operations.” This
available GaAs pseudomorphic high electron-mobility transis- gy p1anation is often coupled with a reference to the general
tor (bHEMT) is measured and modeled for a wide range of ) . .

bias points. Comparisons between measured and modeled noisetheory of correlation ma.tr'ces ny H'”brand_ and Russer' [71-
parameters are presented in the 2—26-GHz frequency range. Consequently, all essential details needed in the extraction of
the parameter values are omitted. Most users prefer explicit
extraction formulas, which can be applied directly. Recently,
a straightforward extraction formula was presented for use
in direct extractions of the single-parameter FET temperature

. INTRODUCTION noise model [8]. However, direct extraction formulas for the

HE field-effect transistor (FET) temperature noise moddio-parameter model have never been reported.

first proposed in 1988 by Pospieszalski [1]-[2], has In this paper, a new parameter-extraction method is pro-
been widely accepted as an easy-to-use and powerful Fpagsed for the two-parameter FET temperature noise model.
noise model. Pospieszalski showed that the high-frequentiye model parameters are extracted from measured noise pa-
noise from FET chips can be modeled as thermal noise fimeters and the element values in the small-signal equivalent
a small-signal equivalent circuit. Depending on the deviddrcuit. Also, the concept of source-admittance balance in the
characteristics and application, the model is either used FlsT temperature noise model is introduced. Finally, measured
a single-paramete(7;), two-parameter 4, 7,), or three- and modeled noise parameters are compared for a commer-
parameter{y, 7, T,,) model [1]-[5]. In the single-parameterCia”y available GaAs pseudomorphic high electron-mobility
model, the associated gate noise temperafljjeis set to transistor (b0HEMT) in the 2-26-GHz frequency range.
the ambient temperature. Sin@§ is typically a very weak
function of the drain current, this model is sufficient for Il. THE EXTRACTION METHOD

applications at low or medium-high drain currents [6]. The gagjcally, there are two methods for directly calculating the

three-parameter model is intended for analysis of devicgg, narameters in the FET temperature noise model. First, the
that suffer from significant gate—current leakage. In this caggyrameters can be calculated from noise figures measured at
the parameteff;, is the associated noise temperature of &g different frequencies, using the same source admittance.
additional intrinsic ga?e—source resistor that accounts for tpﬁ)wever, sensitivity problems occur if the selected frequencies

gate—current leakage in the Schottky contact. However, for dgs {40 close to one another. Measurement errors then domi-
vices with a nonleaky gate contact, the original two-parameige the actual difference in the measured noise figures. Again,
model is adequate at both cryogenic and room temperatuggsosing these frequencies far apart complicates studies of the

(11, [2]. frequency dependence in the model parameters. On the other
hand, no source tuner is needed in the measurement setup.
The second approach is to calculate the parameters from noise
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Fig. 1. The broad-band small-signal equivalent circuit used in the FET temperature noise model, together with the external source and loags.admittanc
The node numbers used in this paper are encircled.

to measurement errors. Therefore, this latter method w#s is the ambient temperature, aifj ; are elements of the

selected in this paper. nodal impedance matrix. The source temperatiigeis the
standard noise temperature (290 K) defined in [9]. Further-
A. Arbitrary Selections of Source Admittances more, the nodal impedance mati# for this circuit is given
The broad-band small-signal equivalent circuit used for Ry

FET chip is shown in Fig. 1. The encircled humbers (1-9) are 1

the node numbers used in this paper. According to (8), in [8] Zy,r v 2o Yiio - Yo

the noise figureF’ of this FET model can be written as Z= | o e = (5)
Zg,1 v+ Zgg You - Yoo

F(Y,) =14 ao(Ys) + a1 (Y5) Ty + ax(Y)T, (1) 7

whereY; is the source admittance and (6), shown at the bottom of this page. All other admittance

ao(Y;) = I R matrix elements are identical and zero.
To Re(Y;)| Ze, 112 Note that the noise figure of this circuit is, by definition,
| Zs, 2 — Zs 3|° | Ze,4— Zs, 5]* independent of>,,, Ly, andY. Thus, node 6 can be used as
R, R; the output node in the analysis.
Zo.5s — Zo.6|? . |Z6.s — Zo, ol In this paper, we assume that the noise parameters are
+ R + R (2) available. Consequently, the device noise figure can be cal-
z Zd ) ? culated for a given source admittance. A system of two linear
a (Ys) = |Z6,5 — Zo. 5| 5 (3) equations is obtained from (1) if noise figures for two different
Ry Ty Re(Y)| Ze, 1| source admittances are calculated. That is,
| Zs, 7 — Zs, s
ax(Y,) = 2 2 4
2(Y) R, Ty Re(Y;)| Zs 1)? @ F(Ya) =1+ a)(Yor) + ar(Yo)Ta + a.(Yo))T, (7)
. CPQ 1 —jwr )
Yi1=Ys+ - 17 +jw—/—= Yio=Yo1=—= T Y5,7=Yg,3=—gme™’
R ] e 1
Yoo0=—" 4+ jwu-24 Yoz3=Y30=—— Y g =——
2,2 R, + jw 9 oL, 2,3 3,2 R, 7.8 R,
: . 1 —jwT
Y3,3=Jw(0gd+0gs)+R— Y34=Y,3=—jwCs Y3 TE + gme™?
g T
1 . .
Yyu= = + jwCga Y37 =Y7 3= —jwCq
7
1 1 1 1
Yis=a—+5+7 +jwCi Yis=Yss=—7 (6)
’ -Rlds Rd RJ J d 4 4 .le
Y6 = — Ys Ye.5 = ——
6,6 Ry ,6 6, R, :
Y7 7 = jwCy + Y5 8 =Yg 5 = —jwCys — e
11 " 1 “
Yeg=— 4 — jwCas Y Yo g=——
3,8 R51+ 7 + Ao + jwCa 8,9 9,8 z.
9,9 = ~ — Y5, 3 = gme ™07
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However, (3) and (4) give

a1(Y;) =0 Zs 5 = Zs,s
ax(Yy) =0 Zs 7 = Zg,s. (11)

The elements of the nodal impedance mafixare given
by the cofactor method and (5) as

det A57 6 det A57 6

Zg 5 = (—1)F5 =—
6,5 (-1) detY detY

det A det A
o= (— 6+7 7,6:_ 7,6
6,7=(-1) detY detY

det A det A
Zg g = (—1)ST8 20 = >0 12
6,8 =(-1) detY detY (12)

where A; ; is the submatrix formed by deleting thth row
and jth column ofY.

According to (6) and the fact that the determinant is a
multilinear function, the minors oY in (12) can be written as

det A576 = det A5,6|YS:O + (—1)1+1Y; det(As 6)1 1

det A7 ¢ = det A7 gly,=0 + (—1)'T'Y, det(A7 ¢)1 1

2

Td - > det A& 6 — det A& 6|Y,=0 =+ (—1)1-1—1Yi9 det(A& 6)1, 1
, Td,max (13)
(b) where(A;;).. . is the submatrix formed by first deleting the

Fig. 2. Graphical represe_ntations of (7) e_md (8) for two different selectiongh row and thejth column ofY and then de|eting theth row
of Yo andYsy. (a) Selection . (b) Selection . and themth column of the remaining matrix. By combining
(11)—(13), one gets

and

B det A; gly,—o0 +det Ag sly, =0
det(A57 6)1, 1+ det(A& 6)1, 1

Finally, the solution to this system of linear equations gives (14)

the associated noise temperatufgsand 7.

F(Yy) =14 ao(Yaa) + a1 (Ya2) Ty + ao(Yan)T,. (8) ai(Ys)=0&Y,=Y,q=

and
B. Balanced Selections of Source Admittances det A |y, —o+det As_gly.—o

The accuracy of the extractedi; and 7, is ultimately 0(Y) =0 ¥, =Y, = - det(A7 ¢)1,1+det(Ag ¢)1,1
determined by the accuracy in the measurements. However, T ’ i15)
it is important to note that the selection of the two source
admittances’;; andY;, affect the sensitivity to measuremeni\oie that when the source admittance is equalylp the
errors in the extraction. In Fig. 2, (7) and (8) are presentgflygel noise figure is independent &. Similarly, the noise
graphically for two different selections df;; and Yss. The figyre is independent of; if the source admittance equals
measurement error, here represented as an uncertainty '”)t%de. The explanation for this independence is that these source
noise figure, implies linear zones rather than linear lines fgfmittances balance the equivalent circuit at the output (so that
the 7, (7,) dependence. i (the intercept angle between thene thermal noise generated by eittieror 73, is canceled).

linear zones) is increased, the accuracy in the estimation OfFinaIIy the associated noise temperatutésand 7, are
T, and T, is increased, as shown in Fig. 2(b). A practicaéiven by (1), (14), and (15) as g

condition for selecting’;; andY;. is the following: one zone
is parallel to thel;, axis and the other is parallel to tf&;

F(Yog) = 1= ao(Ysg)

axis. Since the axes are orthogorial,and; can be extracted Ia= a1(Yeg) (16)
independently. According to (1), this selection corresponds to
one source admittance satisfying and
Y.)=0 9 F(Yaq)—1-— Y
ar(Ys) 9) T, = (Yaa) - ao( ‘d)' (17)
and the other satisfying a2(Yza)
as(Y,) = 0. (10) ConsequentlyTy and 7, can be extracted separately if the

source balance admittancks, and Y,y are known.
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TABLE |
EXTRACTED SMALL- SIGNAL MODEL PARAMETERS FOR THENE 32500 pHEMT. RBrAsiTiCS: Cpg = Cpq = 11.6 fF,
Ly;=491pH, Ls =25pH, Ly =395pH, Ry =059, Ry =1.9Q, Rg = 2.9 Q. (I4s,sat = 90 MA)

Vs Igs Cqgs Cgd Cgs Sm Tau Rj Rj Rys
[V] | [mA] | [fF] [fF] [fF] | [mS] [ps] [Q] [Q] €]

2.0 5.0 109 24.8 48.9 48.4 0.7 4.1 0.0~ 221

2.0 10.0 130 22.6 51.9 72.5 0.6 3.3 0.0 157
2.0 15.0 142 20.8 53.8 87.9 0.4 3.1 0.0* 134
2.0 | 20.0 148 20.7 54.2 98.3 0.4 2.8 0.0% 122

2.0 | 25.0 151 19.6 55.3 105 0.4 2.6 0.0 * 116

2.0 30.0 151 19.1 56.3 109 0.4 2.5 0.0 111

2.0 35.0 152 19.0 56.2 110 0.4 2.7 0.0 * 109

2.0 | 40.0 151 18.3 56.5 108 0.5 2.8 0.0* 107

2.0 | 450 152 18.3 56.8 104 0.5 2.3 0.0 106

2.0 50.0 152 17.9 56.4 99.1 0.3 2.1 0.0 * 105

2.0 | 55.0 151 17.8 55.8 88.0 0.5 2.2 0.0 * 106

* Note that if any of the resistances in the equivalent circuit equals zero, there is a potential

risk for numerical problems. Consequently, R; was set to 1 uQ.

, 00000000
o

Yed 0°
0

Fig. 4. Calculated source balance admittantgs and Ysq for the NEC
device in the 2-26-GHz frequency rangelat = 2.0 V and 75 = 55 mA.
The model parameters are listed in Table I.

Equations (14) and (15) were then used for the calculation
of the source balance admittandgg andY.q. The results are
presented in Fig. 4. Thereafter, the corresponding noise figures
Fig. 3. Measured(®) and modeled (—)5-parameters for the NEC device F(Ysg) and F'(Ysa) Were_ CaICUIated from the measured noise
in the 2-26-GHz frequency range ®f, = 2.0 V and Iy = 55 mA. The parameters. The associated noise temperafijyendi, were
521 and 512 radii are 6.0 and 0.2, respectively. The model parameters afigen finally calculated using (16) and (17). For comparison,
listed in Table I. the single-parameter model was also extracted. In this model,
T, is set to the ambient temperature. The drain temperature

g
1. EXPERIMENTAL RESULTS T, was extracted directly from 5Q-noise figures calculated

A commercially available low-noise GaAs pHEMT (NECfrom the measured noise parameters. In Fig. 5, the extracted
NE 32500) was measured on-wafer using an ATN NP5B wafepise temperatures are presented in the 2-26-GHz frequency
probe noise-parameter test set. Noise parameters as well asange atVys = 2 V and I;s = 55 mA. It is clear that7,
parameters were measured in the 2—26-GHz frequency rarigesignificantly higher than the ambient temperature at this
The direct extraction method presented in [10] and [11] wdsas. Furthermore, in Fig. 6, the extracted noise temperatures
used for the extraction of the small-signal model parametegge presented as a function of drain current. A dashed line
The results obtained for the NE 32500 chip are listed is added at the 290-K level. The results show thatequals
Table I. In Fig. 3, measured and model§dparameters are the ambient temperature at drain currents lower than 20 mA.
compared aty, = 2.0 V and Iy; = 55 mA. For comparisons betweéﬂgl) and Tf), one should keep in
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Fig. 7. Minimum noise figureF,,;, and noise resistanc&,, versus fre-
guency for the NEC device aty, = 2.0 V and I3, = 55 mA. Measured

. . . data (—). Single-parameter model (- 4} = 5990 K and7; = T, = 290
Fig. 5. Extracted gate and drain noise temperatufgsand 7; versus ) o - g,
frequency for the NEC device i, = 2.0 V and Iq. — 55 mA. The K Two-parameter model-): Ty = 5530 K and Ty = 650 K.T. = 290 K.

single-parameter mod€ll’y, = T,): Tsl), and the two-parameter model:
Tg(z) and Tf). The dashed lines represent the mean valiigs= 290 K.
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Fig. 6. Extracted gate and drain noise temperatifieand7y; versus drain
current for the NEC device atys = 2.0 V. The single-parameter model

Ty="Ta): T(l), and the tWO-para eter modéf(z) andT(Z). Ta =290
g d 9 d
K.

(b)

mind thatT(gl) is extracted here from the H30-noise figure, _ . ) -

. (2) ; . . Fig. 8. Measuredo)'anq modeled (—) optimal source reflection coefficient
while T;°" is extracted from the noise figure at the sourcg, ; for the NEC device in the 2-26-GHz frequency rangd/at = 2.0 V
balance admittancg;,. Comparisons between measured armhd los = 55 mMA. (a) Single-parameter modelfy; = 3990 K and
modeled (using the straightforward method recently propos%ﬁ:: 6?6 K:ngi };'90(?2 Two-parameter modelZ, = 5530 K and
in [12]) noise parameters dty, = 2 V and Iy, = 55 mA ’ e '
are presented in Figs. 7 and 8. It is seen that at this high drain
current bias [ys = 0.6- Iy, «a¢) the two-parameter formulation of the two source admittances. The task is then to select
is superior. the second admittance properly. In Fig. 9, the intercept angle

Finally, if 7, and 7}, are to be calculated at source admitis presented as a function of this second source admittance
tances other thali,, andY.q, it is important to pay attention at Vys = 2 V and Iys = 55 mA. It can be seen that for
to the intercept anglex between the noise figure lines inlow frequencies, only source admittances close to zero, i.e.,
the 7,-T, plane (see Fig. 2). A small angle means that thepen circuit, yield reasonable intercept angles [see Fig. 9(a)].
extraction is very sensitive to measurement errors. The systelowever, for higher frequencies, the area with acceptable
admittance—20 mS—is often easy to realize in a measureménercept angles is significantly larger [see Fig. 9(b)]. Note that
system. Consequently, from an experimental point of viewhere is a valley close tb',,; at which the intercept angles
it can be interesting to use the system admittance as cxie very small.
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source balance admittandg, with a negative real part (see
Fig. 4). As a result, the extraction @f, using (17) becomes
difficult. Another possibility is to extracty andZ from noise
figures measured at source admittances other¥paandY,.

For example, a set of the measured noise figures used by the
noise test set for the calculation of the noise parameters can,
for example, be used. However, access to these intermediate
parameters can be restricted by the noise test-set software.
The difficulty with this type of extraction is probably the
selection of source admittances. Sensitivity problems occur if
the intercept angle between the noise figure lines irithed

plane is too small. For the case with the system admittance
(20 mS) as one of the source admittances, it was shown that
it can be difficult to tune for an admittance that corresponds
to a large intercept angle.

Finally, the presented method was demonstrated on a com-
mercially available GaAs pHEMT in the 2-26-GHz frequency
range. The extracted noise models did compare well with the
measured noise parameters. It should be pointed out that the
proposed extraction procedure may run into computational
problems at low frequencies. The reason for this is simply that
it is numerically difficult to compute the impedance matrix
at low frequencies for the equivalent circuit used in this
paper. However, this is normally not a problem since the
temperature noise model is only valid for frequencies where
the flicker noise 1/f noise) can be neglected. A study of
the drain current dependence in the model parameters was
also performed. It was shown that the associated gate noise
temperatureZ, was significantly higher than the ambient
temperature at relatively high drain currents. A comparison
between the single-parameter model (whéiewas set to
the ambient temperature ar¥g was extracted from the 50-

2 noise figure) and the two-parameter model also showed that
at high drain currents, the best agreement with measured noise
parameters was obtained with the two-parameter model.

(b)

Fig. 9. The intercept angle whenY;; = 20 mS for the NEC device as ACKNOWLEDGMENT
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