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Abstract—Condition numbers expressing the sensitivity of computed
circuit element values to inaccuracies inS-parameter measurements are nge-jwr/ |
derived and evaluated for a standard small-signal MESFET model. The
condition numbers shed light on the common difficulty experienced by l
transistor modelers in extracting accurate values for the input resistance.
Other elements are also classified according to their sensitivity. s
ource

Index Terms—Circuit modeling, MESFET's, parameter estimation.
Fig. 1. Small-signal model of the MESFET.

|. MATHEMATICAL BACKGROUND

. " . . Il. PARAMETER EXTRACTION FOR MESFET MODELS
In the theory of computationondition numbersre dimensionless

numbers expressing upper bounds for the relative error in the solutiorf19- 1 shows a standard small-signal model of a MESFET. The
of a set of equations in terms of the relative accuracy of the dapglues of the circuit elements therein have traditionally been evaluated
A classical result is that errors in the solution to the matrix equatidy measuring the scattering parameters-flarameters”) and curve

Ax = b are induced by errors in the data in accordance with  fitting. More recently, Berroth and Bosch have shown that the
circuit elements can be computed explicitly from the admittance

loxll/l1xll < IIANIA ™ [1sb]l/|Ibll parameters {"-parameters”), whose (explicit) expressions in terms
of the S-parameters are well known [4], [5]. Thus, we can derive
formulas for the condition numbers of each of the circuit elements.
The labor of this calculation is considerably reduced by utilization
I% MAPLE software.

(matrix norms:||A|| = max||Az||/||=|]) [1]. Thus, the condition
number for the problemAx = b is ||A||||A!||. Recent extensions

of the theory have resulted in partitioned condition numbers a Th b hich directl di ter d
componentwise condition numbers, which help to distinguish the e numbers which are directly measured in%parameter de-

poorly determined components of the solution from the others [éjrmlnatlon are the amplitudgs;, | and phaseSSij..'.I'he measuring
[3]. evice—the vector analyzer—may have the facility of reportfhg

For a nonlinear set of equations = f(y), the influence of a values in either Cartesian (real/imaginary) or polar form, but only the

relative erroréy;/y; in a data component on a solution componerﬁmer ?re nieashureltélj(:)lre::t:z/. Thu; the par??lstlrr: the fondltlprglnumger
2 would be measured by the ratio ormulas (1) should be taken with respect to the polar variables. For

example, for the input resistance, we have

Saifai|/|6yi)y;| = |0wi[Oy;| X |y /x| = x5 1)
62/ il /185 /95| 2 10w/ 0y; | % Ly 1] = xi om | ISl
. . XR;,|S1a] = 9151s] <5 (2
A 1% error in the componeng; would produce approximately a 12 ¢
x:;% error in x;.
The accuracy of this approximation is limited by two considersand
tions. First, it represents a linearization, which, of course, will have
a limited range of validity. Additionally, the condition number or N o |98 | 452 @3)
sensitivity y;; as calculated will depend on the datafrom which ARi, LS12 04512 R;

x is calculated and at which the partial derivatiyés:;/dy;| are
evaluated. Thus, even the sensitivity has a sensitivity, and may be\ithough the relationships between the polar-fof¥parameters
inaccurate due to errors in the data. Nevertheless, a large sensitigity the Cartesian-forns-parameters, between the Cartesian-form
calculated for a derived value on a measuremenpt is usually taken S-parameters and thE-parameters, and between thieparameters
as an indication that an accurate valuecan be determined only with and the circuit model parameters are all complicated and nonlinear, by
a very precise measurementygf since either the sensitivity is indeedusing MAPLE software’s symbolic mathematics capability, we were
high or the errors, bad enough to render the sensitivity calculatighle to explicitly calculate symbolic expressions for all 64 partial
unreliable, are likely to have resulted in an erroneous derivatives and all 64 sensitivities in terms of the measurement data.
Actual data from typical measurements were then inserted into these
expressions and the sensitivities were evaluated.
Manuscript received June 25, 1997; revised March 4, 1998. Since explicit symbolic expressions were used, no recourse to
F. D. King, P. Winson, A. D. Snider, and L. Dunleavy are with thehe chain rule or to any numerical method was necessary. These
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. RESULTS AND DiscUsSION

The sensitivities corresponding to a typical set of data are shown
in Table I. For the devices tested at the WAMI Laboratory, Uni-
versity of South Florida, Tampa, for instance, workers have long
recognized the input resistanfe as a notoriously unstable parameter
when determined numerically frofi-parameter measurements. Our
analysis pinpoints the difficulty. Table | shows a 97.80 sensitivity of
R: with respect to|S11| (for our device). Subject to the limitations Ming-yi Li and Kai Chang
and approximations described above, this would predict that a 1%
error in the parametelS::| causes an error of 98% in the element
R;. Since our equipment (a Hewlett-Packard HP8510B Network Abstract—This paper presents new tunable phase shifters using per-
Analyzer) typically exhibits errors in the range of 3%-5% in thigurbed dielectric image lines (DIL's). The propagation constant in the

parameter under the test conditidnB; clearly cannot be determined DIL was perturbed by a movable metal reflector plate installed in parallel
accurately fromS-parameter data ’ with the ground plane of the DIL. The phase shift was thus controlled

. . . . . and adjusted by varying the perturbation spacing between the DIL and
The least reliably determined circuit element is the time-delay movable reflector plate at a given operating frequency. A rigorous hybrid-
for which our calculations show enormous sensitivities to B6th| mode analysis was used for calculating the dispersion of propagation
and/S»;. The parametelS; |, as stated above, is subject to 3%-59g0nstants in the perturbed DIL, and then for designing tunable phase
measurement errors. The anglé-, for this data is approximately shifters. Ka-band tunable phase shifters have t_)een de5|gned, faprlqated,

2 d phase measurement errors typically run arouhd & and testgd. Measurer_nent results agree .weII with theoretlt_:al pred|ct|ons.
167, and p yp y The device is especially useful for millimeter-wave applications where
around 3%. (Indeed, phase errors are usually absolute, not relati@itional phase shifters are lossy.
guantities; one may wish to omit the normalizations in the phase . o . -

. - “Index Terms—Dielectric image lines, millimeter waves, tunable phase
factors for the phase condition numbers (3).) Thus, any determinatig{¥ers.
of 7 is completely swamped by its uncertainty. The difficulty in
establishing accurate values for the time delay fréaparameter

measurements is well known, and frequentlyis simply omitted |. INTRODUCTION

from the model. Dielectric image lines (DIL's) have reduced losses compared to
Condition-number analysis highlights the numerically unstabl@icrostrip lines at millimeter-wave frequencies since most of the
elements in the model, with respect to a specific experimentahnal travels in the low-loss dielectric region [1]. This structure
determination (i.e., ViaS-parameters). It identifies which partiCU'WaS recen’[iy proposed for feeding the aperture_coupied microstrip_
lar S-parameters limit the accuracy of the results, and it tells Lﬁﬁatch antenna arrays [2]_[4]‘ and overcomes the h|gh conduction
how accurately these must be measured in order to derive reliaJgs problem of microstrip lines at millimeter-wave frequencies. A
circuit element values. These sensitivities are due to ill Conditioﬁ‘hase shifter is one of the important control circuits used extensiveiy
ing of the mathematical equations relating the circuit elements # microwave and millimeter-wave frequencies. Traditional phase
the S-parameters. They are inherent in the model-plus-extractigRifters use solid-state or ferrite devices. In this paper, new tunable
procedure itself and are, therefore, algorithm independent. phase shifters using DIL’s are described. The DIL can be transformed
However, they do not imply that the model is unverifiable. Altg rectangular waveguide or microstrip line using transitions.
ternative experimental procedures could conceivably finesse thesg g DIL, the electromagnetic (EM) signal travels mainly inside
hlgh sensitivities. For instance, we found that the sensitivities me dielectric and can be perturbed in several ways. The Changing
this model's elements with respect to thieparameters were fairly of propagation constants of an EM field in the DIL can be applied
benign (thus, the villain in the piece was the ill conditioning of the
Y -parameters with respect to th®-parameters). IfY -parameters
could be measured directly, one could model nonlinear transistorqvIanuscript received July 17, 1997; revised May 5, 1998. This work
much more accurately. was supported by the NASA Lewis Research Center and the Texas Higher
Education Coordinating Board’s Advanced Technology Program.
The authors are with the Department of Electrical Engineering, Texas A&M
IHewlett-Packard Companyystem Manual HP8510B Network AnalyzerUniversity, College Station, TX 77843-3128 USA.
P/N 08510-90074Santa Rosa, CA, July 1987. Publisher Item Identifier S 0018-9480(98)06150-X.

New Tunable Phase Shifters Using
Perturbed Dielectric Image Lines

0018-9480/98$10.00 1998 IEEE



