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Abstract—A short-open calibration (SOC) technique for deem- The impressed source is responsible for a port discontinuity:
bedding structures with an arbitrary, possibly coupled, number of jn [8], it was shown that such a discontinuity in a lossless struc-
ports is introduced in this paper. While deembedding algorithms ture behaves much like a 0.1-pF shunt capacitance in @ 50-
used in commercial software packages require the analysis of two . . ) L
“standard” structures for each set of ports, the proposed solution microstrip line. More generally, the PO” dlscontlnuny.has. to b_e
requires only one standard to be analyzed, with a significant re- Modeled as an error network superimposed to the circuit being
duction in the overall computation time. Moreover, unlike other analyzed. This error network does not fundamentally alter re-
deembedding techniques, the SOC technique does not rely on spesults for electrically large structures like filters or resonators,

cific assumptions about the nature of the port discontinuities and ; ; R
of the feeding lines. This fact circumvents ambiguities linked to the ggtslt]g\?visi:t[g]ngly affect results for small discontinuities, e.g.,

definition of the characteristic impedance when hybrid modes are . .
involved. Implementation-ready formulas are provided. The problem of evaluating and removing the error net-
work in RF measurements is addressed by deembedding

algorithms, such as the thru-reflection-line (TRL) technique,
where by putting well-behaved calibration elements—the
“standards”—in place of the device-under-test (DUT), the error
. INTRODUCTION networks may be evaluated. Generally, error networks may also

HE method of the moments (MoM) is a widely employed'PdUde parts of the feeding lines, this allows spgcifying agiven

tool for the analysis of planar structures [1]—[3]. In factreference plane_ _for the netwqu parameters being measured_.
several three-dimensional (3-D) commercial software packagedn [8]. & specific deembedding algorithm for electromagnetic
exploit the MoM in a spectral-domain framework. RecerlEM) numericaltools wasintroduced. Asindicated, inthe product
advances have also highlighted the ability of some Moldocumentation of Sonnesnor AWR’s Microwave Office, two

approaches to model active devices [4]. “standards” are analyzed for each set of ports. The first standard

A common problem in 3-D MoM techniques is to select al$ asetoflines having the same length as the distance between the
appropriate excitation mechanism and, hence, to correctly éference plane and the delta-gap source, whereas the second set
tract the network parameters for the structure being modeled./$&1€ same, butof double length. Amaximum of four sets of ports
this aim, two major excitation schemes were proposed, nameie (;Iefmed, one for each side of the enclosing box, Ieadlng toa
the traveling-wave excitation [5] and the delta-gap source ex&aximum ofeightstandards. Note thateach“standard” requires a
tation [6]. The first scheme has also been recently used in or§éParatestructuretobeanalyzed. _
to characterize planar structures involving lossy “thick” conduc- N [9], @ novel short-open calibration (SOC) scheme was in-
tors [7]; however, due to its simplicity, flexibility, and inherentroduced, taking advantage of an important feature of the MoM
reliability, the delta-gap source excitation is the most popul@PProach, namely the knowledge of the current distribution at a
technique, generally adopted by the majority of the commerc@iVen plane that may even be physically inaccessible. This tech-
packages. nigue requires justnestandard for each port set. This leads to

In this technique, an impressed electric field at some positigrignificant reduction of the computation time in the deembed-
along the feeding line identifies a port, leading to an explicfting procedure. Note that the computation time in the deembed-
integral equation to be solved by the MoM. Its solution provideting procedure of some structures, like those involving “thick®
the current distribution and, the electric field at the ports beirff!d lossy conductors, may be rather large. _
known, the network parameters for the desired ports. Often, the® key feature of the SOC scheme consists in not relying on
delta-gap source is placed near a ground wall so as to hav@"y specific assumption about the nature of the port disconti-
ground-referenced network description: this is quite a natur3iity and feeding lines: as compared with existing deembedding
way to deal with boxed structures, but in [3], image theory wadgorithms, the SOC does not require defining a characteristic

bridmodesare involved, asformicrostripand coplanar structures.
_ _ _ Unfortunately, in [9], only expressions for two-port error net-
Manuscript received July 26, 2000; revised October 25, 2000. _works were derived. While uncoupled multiports may also be
The authors are with the Department of Electronics and Automatics, Unlv?r- d by defini librati dard f h
sity of Ancona, 60131 Ancona, Italy. reated by defining a separate cali ration standard for each port,
Publisher Item Identifier S 0018-9480(01)02425-5. no coupled ports were dealt with.
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Fig. 3. Details of how the standard network is related to the error networks.

[Y*] — [Y]
. — [Y?] known error networR’ ¢, highlighting two internal nodes where
Br(f)‘)’(f a D.UT EB’Z‘)’: B currentsly andI; may be calculated. Note that these “internal”

— — ports may be accessed by MoM, corresponding to the currents in
the symmetry plane of the standard—this feature allows saving
one standard.
Fig. 1. Physical layout and network representation of a general deembeddingpn order to lighten the notation, primes will not be used when
problem. . . ! . .

writing the elements ok in the remainder of this paper. The
reader should consider as “primed ports” those referréd<o

ye L LV This consideration also applies to Fig. 3.
(Y] 3 L Let us apply a set of odd unitary excitationsYd, i.e.,
1]: v, = (—1)¥, E=0,1,...,(N-1) (1)
____________________________ . with NV being the total number of ports belonging to the stan-
rr o i dard,» being the amplitude of the delta-gap excitation, and
(Y] | being the port where is applied. This way, an ideal “short” at
33 2 |3 the symmetry plane is obtained. The middle nodes of the net-
| work in Fig. 3 are at ground potential and, consequently, the

currents at this plane, accessible to the MoM by integration of

Fig. 2. “Standard” and its network representatjafn*) in order to calculate the expansion function along the middle plane of the structure,
the error networky <t. are

The aim of this paper is to present general expressions —I§ =y + 51 — 17 = bz + UGs (2)
leading to a generalized SOC scheme for MoM-based ap-

P . o
proaches, which would be able to process an arbitrary numbef" (2), the superscrip®) is used to remlnd the thley are
of ports, including coupling effects. currents calculated under the hypothesis of odd excitation.

Let us apply a second set of odd excitations, differing from
the previous one only for the fact that the amplitudes at ports
2 and 3 aret+2 and—2, respectively. More generally, we may

The problem, as well as its network representation, is shoutlicate a similar set of odd excitations as
in Fig. 1. The objective is to calculate the network parameters
Y* of the error networks in order to obtain the network parame- v =(—1)¥, k=0,1,....N—-1; k#2q2q+1

Il. THEORY

tersY P of the DUT, once simulated the whole circuit, including =2(—1)*, k=2¢29+1
parasitics and unwanted possibly coupled and lossy transmis- N —2
sion lines. g=1..., — (3)

Let us consider the left-hand-side ports. According to the . . i ) . . .
SOC technique, the only “standard” to be analyzed is the olbereg is an auxiliary index introduced to identify at which

shown in Fig. 2, namely, a set of coupled lines having lengfPt of Y* excitations of a_lmphtud“er2 and-2 are applied.
91, It should be stressed that the algorithms generally adopted*ccording to this notation, the shorF-mgcmt currents at the
in MoM-based software packages require the additional an4]térnal ports corresponding to excitatioff’ are given by
ysis of the same structure, but involving line lengths on . . on . .
Hence, the first step of the deembedding algorithm is to de- 0 R . %)
termine the error network paramet& from the network pa- By combining (2) and (4), one obtains
rameters of the standard, s&J;7. The problem for two cou-
pled ports is depicted in Fig. 2, where primes have been used oy = — 19V + 19
for the error port numbering, while unprimed numbers identify e _ 7O _ e
the standard ports. You %(1) a1 o
The standard networl’* is symmetric, while all networks Y3 =—1y 7+ 1)
are reciprocal. Fig. 3 shows how this network is related to the un- Yoz = — If) — Y53 (5)
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More generally, for any number of ports, it can be verified Note thatwe can buil@V —2)/2+1 independent vector€ ,,
that namely, the dimension of a partitioning block¥f, satisfying

. . . _ _0@ o i relationships (10) and (11).
Yagakt1 TYzk41,2 T Yamze+r T The T4 # 4 With the assumed excitations, the internal ports in Fig. 2 are
Yok 21 =Yokt1,2k = . - Z Y50, 28+15 k=q at ground potential, i.e., using primed symbols for voltages and
#k currents at the ports 6f ¢
N -2 N -2
fOI’k:O,l,,T q:].,,T (6) VR/:() (12)

By using (6), the whole set of cross admittances linking tHaénce,
internal nodes to the external ones are obtained. / . / .
It actually is not necessary to calculate the responses to ex- L =Y, Vi =Y Ve (13)

citations (1) and (3), as we are assuming to have calculr?\ted th%onsidering thal;’ = I, and comparing (11) and (13), for
parameters of the whole standard, nam#&ly, and the excita- every excitationV ;, satisfying choice (10), one has
tion sets (1) and (3) are not independent from the ones involved

in the computation o®. In fact, when computind’ ®, a set of Y Ve=(i,-Yr)VL (14)

excitations is applied so that so that it has to be

ny:Iz| {17 if kIJ kvaJ:()va_]- YEL:YZL—YZR (15)
V= . ’
0, otherwise which is
The current at the internal ports may be obtained and stored N -2

during this computation. If we definé” as the current at the = Y220 = ¥2k,20 ~ Yok 21415 F1=0,.., 2 (16)
internal port/ when just a unitary voltage gap is applied to the at this point, we have calculated the elements of the block
standard porjj, the internal currents required by (6) are just &< .. by means of (6), and those ¥ ; by means of (15). We

linear superposition of thé”) as follows: still need a way compute the self and mutual admittances of the
N—1 ’ internal nodes, namely, the blodk;, .. To this aim, let us apply
IP = Z (_1)%’;3) a whole set of even excitations to the standard network
= Ve=Vy. 17)
PO= 3 () 2670 - 2Pty In this case too, we can buildV — 2)/2 + 1 independent
J=0,j#2q,2q+1 vectors satisfying (17), namely, a complete basis for a block of
_ N -2 Y*. Due to the even excitation, no current flows through the
1=0,..., 9 ™ internal nodes, producing an ideal open-circuit for the network

Itis noted that computing the response to a particular excity- &S follows:

tion is not particularly time consuming, for, as long as the struc-
ture is not modified, its moment matrix is unchanged.

The remaining elements & “ have to be recovered by the Hence, beingv,’ = V., one obtains
knowledge of Y?. To this aim, it is convenient to rearrange , ’ ’ ,
the elements oY and Y* so as to first consider the ports I =Y. Vi + Y Ve
to the left-hand side—the ones identified by even indexes, in 0=Y$rVL+ Y% VE'. (29)
the following indicated by a subscript—and then those to the
right-hand side (subscrigt). By virtue of this arrangemeny, ®
may be partitioned as follows:

e e —1 e e
1= (L] _ [ Yie Yie| | Vi| _yey (g YraYir  [I—Yi Vil =-YigVe  (20)
UIr] | Yar Yir]||Vr] is found. However, substituting condition (17) in the definition

with the same partitioning applied 1¢. Due to the symmetry ©f Y° yields
of the standard and to the reciprocity of all networks involved,
the relationships

Iz = 0. (18)

By eliminating the internal node voltagd&z’ in (19), the
relationship

Ip=(Y;, +YiR) VL. (21)
Y, =Yhn Yie=Yh YSp=Y%, 9) By virtue of (20) and (21), the equation

are satisfied. Let us apply a set of odd excitations to the standar¥ &z Y7 [YSLL +Yir— YEL:| Vi =-YipVL (22)
network, by putting in (8)

Vr=-VL (10)

holds for every elemer¥ ;, of the basis so that

-1
Yrr=—-Yir [YZL +Yir— YEL:| Yir (23)

so that

gives an expression for the unknoWft;, , in terms of known

I, =(Yi,—-Yir) VL. (11) quantities.
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The above set of relationships yields the whl&' matrix.
A correction block may be calculated by simply changing the
sign of the calculated parameters and exchanging odd and ev
ports. By interconnecting such a correction network before the

<—p!
4 mm

first error network of Fig. 1, the deembedding procedure of thea S111[dB] —S§11 [dB] —+— 811 [dB]

. . Exact MoM+deembed. MoM no deembed.
left-side-hand ports is completed. The same procedure has to In 13 (a8 e $131dB I
followed for the remaining sides. In synthesis, the whole algo- Exac[t ] MoM&dgembed_ ML?V,[?,?)]deembed_
rithm is required to: 0

1) generate the standard structure of Fig. 2 and recgver

2) apply to the standard the excitations (1) andyif> 2,
the(V —2)/2 excitations (3), obtaining® andIJ@, re- 5
spectively, in order to use (6); aIternativdl,? andI,?((I)
may be directly obtained by (7);

3) calculate values of the self and mutual admittances at th.1g
external ports by (15);

4) calculate the remaining self and mutual admittances at th
internal ports by means of (23);

. . . -15 T T T
5) build up the correction matrix. 10 11 12 13 14 15
Frequency (GHz)
lll. RESULTS Fig. 4. Comparison between re_sults from the MoM, dee_zm_bedded MoM, and

As a first step, the above relationships were tested by the q(ig?;::nvee:gjri;ofll and.S13 magnitude for two coupled striplines (see text for
cuit simulator provided in the Microwave Office tool. Several
arbitrary structures were designed to be error networks and were
connected in order to simulate the “standard.” By means of tb=__ ang(sp1,2)) A Ang(S[1,2]) ——- Ang(S[1,2])
described excitations, currents at the desired circuit nodes wi MoM-+deembed. Exact MoM no deembed.
measured and successfully employed to test the algorithm. Ang(S[1 4] Ang(S[1 4] Ang(S[1 4]

: ; P ng(S[1, o Ang(S[1.4)  -—- ng(S[1,
Subsequently, the SOC algorithm was included in ot MoM+deembed. Exact MoM no deembed.

in-house MoM program. The technique is a 3-D versiol
of the approach described in [7] as generalized transvet
resonance-diffraction approach, and will be the subject «
a future paper. Its features include the ability to treat loss
conductors of finite thickness, but for our purposes, it is applie
to thin ideal conductors in order to compare results with th
ones obtained by commercial software packages. To this ai
the conductor thickness is reduced down to a fraction of AN
micrometer. In this case, the field formulation reduces to 100 P /,/' Y,
standard spectral-domain approach with delta-gap excitatiol ~e /
All the structures are enclosed in a metallic box.
The first structure analyzed is an ideal coupled stripline a -200 | T I T
for striplines, an exact solution is known [11]. Formulas fo 10 " 12 13 14 15
this case are also available at the web site by Sonnet Software. Frequency (GHz)
The two striplines are 20-mm long and 5-mm wide, Wh”eig. 5. Comparison between results from the MoM, deembedded MoM, and
being spaced 1 mm. The 2-mm distance between the growwigct values o£12 andS14 phase for two coupled striplines.
planes is filled with a medium of permittivity, = 3.0. The
enclosing box is 80-mm wide, in order to reduce its influencget of piecewise constant functions along all directions. Con-
down to a minimum; the reference planes are fixed at 4 mductors are modeled by 20 subsections inthdirection and
from the excitation plane, hence the deembedded structure fire subsections in the-direction. The total numbers of expan-
two 12-mm-long coupled striplines. Data are obtained at sson functions for the structure aré.J, = 210, NJ, = 200,
frequency points between 10 and 15 GHz and Fig. 4 shoasd NV.J. = 160, while the “standard” require&./,, = 100,
a comparison for the magnitude 6fl1 and $13 with and N.J, = 80, andN.J. = 64.
without deembedding, while Fig. 5 compares #i and S14 The test on the striplines, while being simple and reliable,
phase. Exact results are highlighted by marks. does not verify how the algorithm works when dealing
Assuming the reference system of Fig. 1, volume currépts with structures supporting hybrid modes, namely, involving
andJ. have been expanded by a set of functions that are pieaggiomogeneous media. In order to check this case, as shown
wise sinusoidal along their direction: @nd z, respectively), in Fig. 6, we have applied our approach to two open-ended
and piecewise constant along the transverse direction and ¢oepled microstrip lines, and compared the results to those
y-direction. On the other hand,, is expanded by means of aobtained from Emsight in Microwave Office, a commercial

200
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