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A General Small-Signal Series Impedance Extraction
Technique

Lars Vestling and Johan Ankarcrona

Abstract—A new technique for extracting the series inductances the left hand side sometimes must be multipliedsbyo that
and resistances in a small-signal equivalent circuit is presented. 3, = 1 andag # 0 (s = jw, the complex frequency)
The technique does not rely on approximation and should there-
fore be as accurate as the measured data. The technique can also
be used to extract the intrinsic parameters if they are not easily
achieved using other methods. The method is exemplified with a aél + Sail +--- 4+ Snnaﬁl
microwave LDMOS transistor. U T b + - + 5™,

@)

Index Terms—Equivalent circuits, impedance measurement, mi-
> R 12 | o012 0 gnizgl2
crowave transistors, parameter estimation. ap” + say” + + nis @)

A T b+ + 57D,

I. INTRODUCTION B a(2)1 +Sa§1 +"'+8"21a3él -
HEN dealing with small-signal equivalent circuits, the T =T 4+ sby + -+ ™Mb,
extraction of parameters is of greatest importance. The - - 9y
first problem is to de-embed the pad parasitics. These parasitics _ayt Fsart + e+ 8T Ran,
) ) pee . 229 = . 4
include everything between the calibration plane and the in- 14sby + -+ 5™y,

trinsic device. There are several ways [1]-[3] to do this, and they
all have their pros and cons in terms of simplicity, accuracy, afithch coefficient can be expressed in terms of the different pa-
the types of devices that are characterized. rameters in the equivalent circuis(' a;;'  should be inter-
Then, the problem is to extract the series impedances, whigteted as to the power ofq;; times the coefficient;.!
are the gate, drain, and source resistances and their correBy extraction of the coefficients using the least square
sponding inductances. There are several different strategigsthod, it is possible to obtain a equation system with more
to do that. A method originating from the ColdFET metho@quations than unknowns. This makes it possible to extract
used for MESFETs assumes that the intrinsic device is puralgveral parameters without any approximations or assumptions.
capacitive when the applied biases are zero [4]. In that meth@dslight problem is that the new equation system is overdeter-
the series resistances are supposed to be independent of ipim&d and, thus, care has to be taken with how to extract the
and are extracted only at one bias condition. Other methqstsrameters.
take the intrinsic part into account and extrapolates the curvesn order to calculate the- andb-coefficients using the least
to extract the series impedances [1], [5], which can be done suare method, the following matrix system (5) has to be eval-
each bias point. This is made possible by approximating thated:
intrinsic part until it is simple enough.
In this paper, we present a method to extract the series imped- Xa=y (5)
ances exactly. Exactly should be interpreted as no approxima-

tions and assumptions except the choice of small-signal equjyhere X is a (p x p)-matrix,a andy are vectors with lengtp,
alent circuit (which is not a trivial choice). The method can b§herep = n1; + nis + 191 + n2s + m. The matrices can be
used on a variety of circuit models, primarily FET models, angkpressed using sub-matrices as in (6)—(8)

we will demonstrate the method by applying it on a microwave

LDMOS transistor.
[ X411 0 0 0 XE 1]
ll. THEORY ’
) ] o . 0 Xa 12 0 0 X'C 12
For any small-signal equivalent circuit, the analytical expres- . 0 0 X 0 xt ©6)
sion for theZ-parameters can be written as in (1)—(4). Note that = 4,21 <21
0 0 0 X4, 2 Xé, 29
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The structure of the sub-matrices follows below, where all e Ly Ay Cod Ra Lg 5
sums are over the measured frequency sweep with le¥gth O I A=)
r N ES . Esnij Cgs:: Hds ::Cds
Xs Ys? S Bgnatl /
X4, = : : : ©) ImfoCqq As
| Zs™is BgMistl Lo 3 g2 Lg
i ES (211711) Esnl+l(zlj7zj) So oS
Xp = : .. : (10) Fig. 1. Example of equivalent circuit for a microwave LDMOS transistor.
E m+1 Ez .. b)) 2m EZVQ ) . .
s 17“) (i) expression for the andb parameters reveals that the series in-
Yszg o oo 2" 24 ductances can be calculated using
X iy = : : (11) L,+ L, =a3"/b (23)
.. ni;tm,,. .
@) e e L, =a$*/b = a3 /by (24)
R Y YR &
aj; = [ag A (12) Lg+ L, =a3*/b,. (25)
aB = [_bl te _brn ]t (13)
. Notice thata}? = a3!. If they are unequal, which probably is
yig = [Zzi; - Ds"zy] (14)  the case, they should be replaced with their mean value. This can
vp = [23(2“7“) e NSy ]t . (15) be done directly when setting up the least square matrices, but

the result will be the same as taking the mean value. The sim-
The following interpretations of (6)—(15) should be made: plicity of the inductance extraction is independent of the chosen
N equivalent circuit. Calculating the series inductances yields that
L,=91pH,L; =74 pHandL, = 0 pH.
Vs = 3 16) o o 4 ) . .

s Z 5k (16) Rewriting the analytical expression for e.gig as in (26)
yields a new set ofi-coefficients that can be calculated using
(27)—(29) and thus eliminating,. This is done for alk;; and
Dijij = Z Z Zij=zutzaztzitze () g allinductances are eliminated

k=1

=1 j=1
+ a1 + ags’ 0+ a]
Eijzv?j =25, 4 23y + 75, + 239 (18) 219 = % =sL, + alo—i-—lif (26)
0 = zero matrix of appropriate size (29) dy =as— Lyby =0 @7)
Applying the above calculations on the measured dataill d —a; — L (28)
1= s

yield complex coefficients andb. What we actually want is
that the coefficients should be real values. Thus, the real and ap = ao. (29)
imaginary parts ofX andy should be treated separately. The
easiest way to do this is to calculate the complex matri¥es The new set of’-coefficients are used to calculate the series
andy and the rewrite them as resistances. The series resistances can be calculated using sim-
ilar relations that the ones used for the inductances. The results
Xy =R(X) + 3(X) (20)  from the resistance extraction yield8;, = 1.8, Ry = 5.4
=R(y) + 3(¥) (21) QandR, = 2.5 €. The series inductances and resistances can
then be de-embedded from the measurepgarameters for the
= extrinsic device by subtracting the series impedance&uba-
a=(Xw) lym. 22) trix. '_I'he intrinsic_par_an‘_neters are then extracted using direct ex-
traction from the intrinsid”-parameters [1], [4], [5]. A compar-
ison of the measured and model8eparameters are shown in

ll. RESULTS Fig. 2.

The method is applied on a microwave LDMOS transistor [6]
(W = 1 mm) and the small-signal equivalent circuit in Fig. 1 is
used. Setting up the analytical expressions forfhgarameters  The method described in this letter is shown to give accurate
as in (1)—(4) gives that;; = no1 = 3, n12 = noe = 2 and results for the series impedances. The strength of the method
m = 1. is that no approximations or assumptions about the intrinsic

The X-matrix and they-vector are arranged and thends  part has to be made in order to extract the series impedances.
parameters are calculated using (22). Examining the analytitteéhould also be pointed out that unlike optimization methods

IV. DISCUSSION
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use rational polynomials faf,,, [7], which is fully covered by
this method.

Using this method directly will get the best fit over the whole
frequency range. To improve the extraction, there are several
aspects that should be considered. The measured data can be
weighted according to the uncertainty of the measurement
equipment, so that more certain data are weighted heavier.
% mggg{,e,gd The inductances, for example, that have their significance at
higher frequencies should be extracted from the upper part of
the frequency sweep.

V. CONCLUSION

We have presented a general method for extracting the series
impedances in a small-signal equivalent circuit. The extraction
technique handles arbitrary equivalent circuits and can also be
extended to extract the intrinsic parameters. The technique is
based on the least square method.

Fa 2 M 4 and modelet rs 1 ) LDMOS The strengths of the method are that no approximations or
trgﬁsis.tor. I\T(?t?cl;eriha??hézr:]-(r))a?ame?:rrsr;ri?jz\s/idg(rj t?y rsr;;(Ctr(())vf\iI?i\:\ethe plot. assumptions have to be made and that the method is a direct
extraction method.
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