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Method for the Calculation of Mutual Coupling
Between Discontinuities in Planar Circuits

Bart L. A. Van Thielen and Guy A. E. Vandenbosdtember, IEEE

Abstract—in this paper, a fast method for the calculation of mu-  than one dipole can be used per discontinuity if the above-men-
tual coupling between discontinuities is described. The discontinu- tioned assumptions are not met. Another assumption is that the
ities must be small compared to the wavelength and compared t0 ¢, rrant on one discontinuity is only slightly influenced by the
the distance between them. For most circuits, these assumptions . L. 2 . L
are valid. Under these circumstances, the component'’s (disconti- other dlscont|QU|t|es !n Its V'C'n't,y (higher order coupllng_ls ne-.
nuity) radiation behavior can be accurately modeled by using ad- 9lected). This is true if the coupling levels between the disconti-
equately placed dipoles. This method uses far less unknowns thannuities remain lower than abouf/ dB. Discontinuities (compo-

the method of moments. If the distances between the componentsnents) that are coupled tighter than this must be taken together
become sbma}ller or tgebcomponents b(;e_co:ne bigger, then the accu+, form g new component. The relationship between currents

facy can be improved by using more dipoles. and fields on the dipoles and incoming and outgoing transmis-

sion line waves, respectively, is described by an extension to the
S-parameter model of the discontinuity.

|. INTRODUCTION In this paper, the results of the developed method are com-
ared with those of a standard method of moments (MoM). The

S MODERN circuits become smaller and the frequenut?ﬁeory and corresponding software that implements this stan-

_thaF the)_/vyork_at become hlgher, parasitic coupll_ng W'th'aard method are described in [1]-[4]. Other methods to solve
the c_|rcuns will inevitably start to m_ﬂqeme . beha\(|or of th he problem of mutual coupling in circuits are the expansion
g:wcwt more and more. Th.eref.ore, I IS necessary to include t ve concept [5] and the fast multipole method [6]. The two
influence Of. mutual pouplmg in the circuit simulators that arfhain differences of the described method with [5] and [6] are
used to design the circuit. The methods that are currently belgg follows.
used to analyze mutual coupling in circuits need a lot of com-
puter memory and time to solve the circuit. This is because
they subdivide the whole circuit into rooftops, calculate all the
inter-rooftop couplings, and use these couplings to calculate the
current of the rooftops by solving a huge set of equations (i.e.,
the moment method).

A planar circuit can generally be regarded as being composed
of discontinuities and transmission lines connecting these dis-
continuities. This paper will describe a new method, which in-
volves calculating mutual coupling between the discontinuities
of the circuit instead of segmenting and solving the whole cir-
cuit at once. The described method will become one of the mod-
ules of an overall model for the calculation of mutual coupling ' )
in planar circuits. Other modules will handle the couplings be- ~ €nough if the components are not tighter coupled than
tween transmission lines, from transmission lines to discontinu- ~ — ¢ 4B (see above), which is the true for most circuits.
ities, and vice versa. Due to these two differences, the new method is much faster and

Discontinuities are either components (resistors, capacitor§€eds less memory than [5] and [6].
transistors, etc.) or metal (microstrip) structures (T-junction,
corner, open stub, etc.). No distinction will be made between I
these two types of discontinuities in the remainder of this paper.

The key assumption of the new method is that, if the discon-In this section, we will describe how, under certain condi-
tinuities are small compared to the wavelength and distance biens, a current distribution can be replaced by dipoles that gen-
tween them is large compared to their size, their radiation berate approximately the same field distribution as the original
havior can be modeled as that of an elementary dipole. Marerrent distribution.

To rigorously calculate the field that a current distribution

Manuscript received September 4, 2000. This work was supported byascrgf—nerates’ this d|Str.'bUt'on must be convolved with the appro-
arship from the Flemish Institute for the Advancement of Scientific-Technologiriate Green’s function.

Index Terms—CAD, EMC, mutual coupling.

1) The method that is presented here is a library-based mod-
ular approach: th&-parameters and dipole position and
excitation data are stored in model files for each disconti-
nuity. [5] and [6] do not split the circuit up into its (sepa-
rately solved) components, but solve it entirely, not taking
advantage of the specific propertieS-fjarameters and
known current distributions) of its components.

2) The method that is proposed here only takes “first-order
coupling” into account. Higher order coupling (indirect
coupling between two components through reflections of
incident fields at others) is neglected. This results in a
further speed increase, while the results remain accurate

. DIPOLE EQUIVALENT OF A CURRENT DISTRIBUTION

ical Research in Industry. _ , _ A possible simplification is to approximate the current dis-
The authors are with the Microwave Sections, Katholieke Unlversne{t.b ion by th | diool . dal

Leuven, B-3000 Leuven, Belgium. ri utlon- y three e ementary dipoles, orlgnte_ alongthey-,
Publisher Item Identifier S 0018-9480(02)00743-3. and z-axis. The dipoles are currents flowing in an elementary

0018-9480/02$17.00 © 2002 IEEE



156 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 50, NO. 1, JANUARY 2002

¥
A r-d/2 a/2,.d/2

I/2 I/2

V¥ ¥x

Fig. 1. Current distribution.X'; -axis) and its equivalent{;-axis) placed at
its current center.

volume dVy: dVyl,q, dValyq, anddVyl.q. 1,4 is the current
density of thez-directed dipole and/; is its volume. These
dipoles are placed in the “current center” of the current distri-
bution. For ther-oriented dipole, this center is given by

M, z 1 dedydz
- fffb L.dxdydz

fffb yldzdydz
o= M, Lndzdydz

M, zLedzdydz Fig. 2. GeneralN-port using M elementary dipoles to model radiation
:W (1)  behavior.

where/, is the current density of the-oriented current. The IIl. EXTENSION OF THES-PARAMETER MODEL
productdVyly; must be equal to the total integrated current of
the original current distribution

Tq

zq

In this section, we will explain how, for a general disconti-
nuity (with an arbitrary number of ports and an arbitrary number
of dipoles), theS-parameter model for the discontinuity can be
TradVa = ///b Ledrdydz. @ extegded )to inclurzje the effects of mutual coupling in t>r/1e circuit
o ) ] calculations.
~ The reason why this dipole will not generate a field that is |, general, an incident waves on a port of a discontinuity will
identical to that of the original current distribution is explained, ,se outgoing waves on the ports and current distributions, dif-
below. ) o . ) fering for each port of incidence, within the volume of the dis-
_The relation between the field in an observation point and t@tinuity. The current distribution within the component will
distance(r) to the current generating this field is given by th@,enerate incident fields on the other discontinuities of the cir-
appropriate Green’s function. Itis, in general, mainly a mixturg,it, which will cause outgoing waves on the ports of these other
of 1/y/7 (surface wave) antl/r, 1/r* (space wave) dependen-giscontinuities. Fig. 2 shows a genersitport, which uses\/
cies, as described in [4]. Suppose that we only hatgrade-  gipoles to model the radiation behavior that s caused by the cur-
pendency and we want to use the current center for the simpl& gistributions.
one-dimensional case on thé -axis of Fi_g. 1. The two equal Tpe dependence of the outgoing port wages) on the in-
currents//2 at a distancel on the.X,-axis are replaced by a cigent port wavegv;H) within one discontinuity is described by
single one of double intensity (on the,-axis) at the current {ne g-parameter description of the discontinuity. This depen-
center, which is located at a distancom the origin. The rel- §ance is shown for a generdl port in the following:
ative error for this particular case can then be shown to be equal

- +
to vy S11 S12 e S1N U}'—
- 2 U; S21 S99 e SoN Uy
E,~E|_ _d 3) =1 _ . . 4)
E, 4r2 — @2 : : : : ;
- . . . +
Uy SN1 SN2 ... SNN U

In which E, is the field at the origin caused by the original

distribution andE. is the field caused by the equivalent, placedheres;; is the reflection coefficient at pott and s;; is the

at the current center. Equation (3) shows that the approximatimansmission coefficient from paojtto port:.

willimprove when the distance/size ratio goes to infinity. As the The description only takes the fundamental transmission-line

component size gets larger compared to the distance betwe®te into account. This implies that, at the reference plane of

the components, the approximation becomes worse. the S-parameter port, the higher order modes must have died
Another factor that will influence the accuracy of the dipoleut. If needed, a piece of transmission line of sufficient length

model is the size of the component relative to the wavelengthnifust be added to the component to satisfy this condition.

the excitation frequency increases, then the current distributionThe dependence of the outgoing port waves of one disconti-

on the component will become more complex, needing moneity on the incident port waves of another one is calculated by

dipoles to be modeled accurately. extending the5-parameter description as described below.



VAN THIELEN AND VANDENBOSCH: METHOD FOR CALCULATION OF MUTUAL COUPLING BETWEEN DISCONTINUITIES IN PLANAR CIRCUITS 157

First, data is added that links the incident port wai€s) to  inwhich(z, ) is the observation locatiofy’, /) are the source
the currents of the dipole modgl; ) through theZ’ matrix in the coordinatesy is the distance between source and observagion,

following: is the Green'’s function for current sources, gnis the Green'’s
. i function for charge sources. If th€-dipole is modeled as two
i fu oty ! charges at an infinitesimally small distante, with a current!
= : (5)  with unit amplitude flowing between them, then thalipole’s
iy tpr ... tun Uj\r, z- andy-field distributions can be derived from (8)
wheret,,,, is the current on dipole:, caused by a 1-V incident gy (r)x? g;(r)gﬁ
wave at portr. The relation between the longitudinal compo- Go(e,y) =g;(r) + 2 3
nent of the incident fields on the dipolés;) and the outgoing g, (rzy g, (r)zy
waves(v; ) at the ports is then described through fhenatrix Gy(@,y) = 2 3 ©)
as follows: The relations between the current on one dipole and the field it
v 1L ... TiM el causes on another one can be written as a matrix equation for

= - : : (6) each combination of two discontinuities

U;, N1 .- TNM eM E; =G, jIj- (10)
wherer,,,, is the amplitude of the outgoing wave at parfor
a 1-V/m incident field at dipolen. The full new extended de-
scription for the discontinuity then becomes

In which E; is the vector containing the incident fields on the

dipoles of theith discontinuity and’; is the vector containing

the currents on the dipoles of thth discontinuity.

{V} B {S R} {VT e By using the additional dipole data in (5), (6), and (10), and
I | |T X E | the S-parameter description of (4), we are now able to describe

the circuits discontinuities including their interaction by mu-

In Wh'ghf |s(;[he5épara:jm§te[rnh'§tr|x6anﬂ _an(;iT ar_g thehma- tual coupling as one big-matrix. This is shown in (11), at the
trices defined in (6) and (5). submatrix describes the re-y, i1, of this page, for a circuit containirig discontinuities.

flections of incident fields at the dipole model’s dipoles. Due t | the elements are (sub)matrices themselves. They describe

these reflections, indirect paths can be formed between two i¥e direct paths between the discontinuities. The new matrix will

fr(])rltlnumes thrgléghtrtl)ther.dg,.corltlnu:rt:es. The addltlgr;altf)lel e nameds,. Its number of ports is equal to the total number
at are caused by these indirect paihs are assumed 1o be S rts, summed over all the circuit’s discontinuities. Equation
compared to the field caused by the direct path. Therefore, ) is only valid when the¥ submatrix in (7) is set to zero.

influence on thes-parameters of the global circuit of these reg this is not the case, then the submatrices will become infinite

flections at.discontinuities is negligible and the elements.of ﬂ%%ms over the direct path and all the indirect paths. The circuit
X submatrix can be set to zero. The results in the numerical {fould then have to be solved by a full matrix inversion, keeping

sult section prove the validity of this assumption. the dipole currents and fields as unknowns. This would slow the

The relation between the currents on one discontinuityrﬁe,[hod down considerably

d@poles gnd_the incident fields on another's discqntinuity’s The S, matrix describes all the discontinuities and their mu-

S'ﬁgleds. |§bg|yen ]E)y thed_apgl)roprlatg_ Gr(-fjens er]Jnct|qn§. TQﬁal interaction through radiation as a single Bigort network.

c;e . (;sftn Utt'ﬁn or at ng eh posn(l-;one ,a]E t ?, ongin, 'f Il the ports of the discontinuities in the circuit (except the
erived from the current and charge Loreen's function using Qternally fed ones) are connected through transmission lines.

rr;:xed-;:r?t?rmal ft_exlzressmn(;hgt IS desc”?? [[n_gl]t%ln [1], itige S-parameter description (normalized to the characteristic
Eeovv\Yr?tter?as e field, caused by a current distributioh, can impedance of the line) for a transmission-line connection is

- . vy | 0 eI vf’
By = [ [ o) ety =L o 12
x/ y/

= NS grert 4 /g Wherey is the propagation constant of the line diglits length.
+V /w /y 94(r) (Vt K@y )) de’ dy - (8) By renormalizing the port impedances of the transmission lines

U] 1 ST RGLT RGisTs ... RiGupTp] [V]

Ry G T S Ry Gl 315 ... RoGypip
= (11)

V;;_ L BpGpaTy RpGp,p-1Tp-1 Sp V;r_
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to the corresponding port impedance of the connected discansrent distribution as closely as possibleNip test points that
tinuity port and inserting the transmission line (12) into (11)gre positioned in a circle with radiug, around the current dis-
we can eliminate all the unknown waves at the ports that aréution. To do this, the optimization procedure will need to ad-
connected through transmission lines. What remainsi&pa-  justs x Ny input parameterse( v, andz positions and complex
rameter description for the entire circuit between its externalgxcitation for the dipoles) to optimizex N, output parameters
excited ports. This description includes the mutual coupling bésomplex X, Y, and Z components of the fields in each test
tween the discontinuities, but not between discontinuities apdint). The relation between th¥, dipole excitationg,, and
transmission lines and between transmission lines. These cthe fields in theV, test pointsEqi,(m) (for given dipole posi-
plings are calculated using another procedure, which is impl&ns) is given by the following linear set of equations:
mented within separate modules. These procedures are not the
topic of this paper, but are described in [7] and [8]. Zy i+ Zygia + -+ Z1 Nyin, = Baip(1)
Zaaty + Lo gty + -+ -+ Za NN, = Eaip(2)
IV. DETERMINATION OF OPTIMAL DIPOLE POSITIONS AND 7
AND R MATRICES FORDIPOLE MODEL '
In this section, two procedures will be described to calculate 2N i 2Nty o+ 2y NN = Baip(Ne) - (14)
theT_ and i matrices of the_a_lbove-descnpé‘elparameter €X" in which Z is a matrix that describes the relation between a cur-
tension and the optimal positions for the dipoles that model t &nt on adipole and the field it causes in a test point. This means

radiation behavior. We assume.that the optimal dipole positio%t, for given dipole positions (and, thus, certain valueg)f
do not change much as a function of frequency so that they GfAR optimal excitations can be calculated using a least square

be calculated at a fixed fr_equency. . - method in terms of the dipole positions. This leaves only the
Both methods use the field that the discontinuity generatesggn

lcul h imal dinol . The ad ; “dipole positiong3 x Ny) as input parameters. The output pa-
calculate the optimal dipole positions. The advantage of starting, oo g (the fields in the test points;;;,) are used to calculate

from the field is that this field can either be calculated (usingezfxscalar cost function using (15). This cost function is the sum

MoM if the current distribution IS.knOV\.II’I) or t,)e measured N 8f the squared differences between the current dipole models
test setup such as the one described in [9] (if the current d's%lds (Euip) and the original discontinuity’s fieldS.i.c)
bution is not known). Measurements can be used for packaged P e
components with unknown internal geometry. Calculations are.,
possible if the component’s internal structure is entirely known
(e.g., monolithic-microwave integrated-circuit (MMIC) compo- Ny Ng 2
nents). = Z <Edisc(n) - Z Zn,mim> (15)
As was mentioned in Section Il, the Green’s functions for a n=1 m=1
multilayer substrate can be quite complex. Therefore, it is not . PN . . .
easy to use an analytical method to calculate the ideal dipc:JEemzlcchu(rngtng ig'e)n't‘;’]tg:a (F))Ioesmzrt] \?V:Qigﬁzlﬂzg; S;C:m the
positions from the current distribution and the Green'’s functiope. P 9

A first method uses the correlation function of the field gen-

erated by a dipole and the field generated by the current disWity will be different for each port of the discontinuity that is

bution in the substrate. This correlation function is shown in t eé<C|ted. The t.otal costis the sum of the C.O.Sts for each dls'Fnbu-
following: 10n (port). This means that the dipole positions that are optimal,

in a mean sense, for all the distributions at the same time are
. searched for.
Oy, 7o) = / / / Egisc(z,y, 2) The starting positions of the dipoles for the optimization are
Ty calculated using the current center and the spreading of the cur-
XEaip(w — o',y — o,z — 2, o )dwdydz.  rent distributions. If one dipole is used it is placed at the center,
(13) two dipoles are placed at the centerthe spreading and three
dipoles are placed at the centerthe spreading and one at the
EdiSC andﬁdip are the fields generated by the discontinuity ancenter. This is done for the andy-oriented dipoles separately.
the dipole when they are placed at the origihis the angle at For ther dipoles, ther-oriented current distribution is used and
which the dipole is positioned. The maximum of this correlatiovice versa. If more than three dipoles (per current component)
function yields the positiorfz’, 3/, 2’) and orientation«/') at are used, than the starting positions can be chosen manually or
which the dipoles field will exhibit most similarity to the field the points where the current distribution derivative changes sign
generated by the current distribution. By subtracting the field ¢fhaxima) can be used. Other methods ([10] and [11]) can be
the dipole at this position fronk g and using (13) again on used to find good starting points starting from the current distri-
the remaining field, other dipoles can be extracted, improvirmition.
the similarity between the fields produced by the model and by The number of dipoles that are needed to model the disconti-
the original current distribution. nuity with enough accuracy increases if: 1) the discontinuity’s
The second method uses an optimization procedure to pagimplexity increases; 2) the discontinuity becomes bigger rela-
tion and excitaV,; X-, Y-, or Z-oriented dipoles in such a waytive to the wavelength; and 3) the discontinuity becomes bigger
that their combined field resembles the field produced by thelative to its distance to the other components. The examples

/ / / / / /
LYy %19 0 '7devyNdvad

ast square method. The current distribution on the disconti-
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in the numerical section give a general idea about the number — V E V e
of dipoles that have to be used. A very coarse rule could be one =

dipole for every 18 basis functions of the MoM. The quality of 7 - 7

the model can be checked immediately after the optimization Z ‘ | ‘ Z.

procedure from the correlation and error graphs shown in Sec-
tion V. If the distance between the discontinuities becomes very
small and the coupling between the discontinuities beconfdg 3- Equivalent circuit for the calculation @ie...
high, then the shape of the current on the discontinuities starts
to change. At this point, adding more dipoles will not improve
the results any more because a fundamental assumption of t
dipole model (that the second-order coupling can be neglecte: F—
is not valid any more. The maximum allowable coupling levels
at which second-order coupling can still be neglected are de
scribed in [7] and [8].
The optimization itself is an iterative process involving the®
following two steps. 0.2mm
Step 1) Calculate the gradient of the cost function (a func:
tion of the dipole positions) at the starting point.
Step 2) Perform a one-dimensional optimization to find the
optimal point along a line that goes through the
starting point and has a direction given by the gra-
dient. Fig. 4. Two T-junctions used to check the method.
After step 2, step 1 is repeated with the new optimal positions
as starting positions. These steps are repeated until the cost bejs case is shown in Fig. 3. The “discontinuity” that we are
comes stable. going to model is just a piece of transmission line with infinites-
TheT matrix (the dipole excitations for each port) is recalcumally small lengthdl, which is fed at both ends by two equally
lated for each frequency in the frequency list of the model. Thigide transmission lines with a characteristic impedancg.of
is done using the least square method while keeping the dipolgé choosez, equal to 1Q. The outgoing wavegV ~) for a

fixed at their earlier (at the midband frequency) optimized p@ertain incident field E) will then be equal to
sitions. Changing the frequency will result in changing fhe

coupling coefficients in (14). V- — dlE (19)
It can be proven that thB matrix can easily be deduced from 2
the " matrix through reciprocity. Since the shape of the Palteify e would model this piece of transmission line by a horizontal

should be the same for transmlssllon and receiving, we can Wole, then its excitation coefficierit; ) would be equal tal.
that the elements of th@ and7” matrix must be the same, excePtparefore. we can conclude thét,. is equal to 1/2

for a constant factor that we will call the receiving const&gt.

| 1.5mm d

o

3mm

609 mm

[R] = Rete - [T]- (16) V. NUMERICAL RESULTS

. . , The method described above is tested for the simple case of
We can how Wr|te_ the C_"“F"_'”g betwe_en tV\_’O random d'ﬁerert\}vo shaped T-junctions. This structure is shown Fig. 4. A three-
dipole models (discontinuities) the first dipole model has 5 5 six-dipole model are calculated for this discontinuity and
dipoles and the second one hasipoles. Fors;,, we get the fields generated by the models are compared to those of the

I J component as a function of frequency and distance. The calcu-
S19 = Reper Z T1(4) Z G(i,/)T»(j) |.  (17) 'ated modelis then used to calculate fiparameters for the
P = two coupled T-junctions.

The T-junctions are placed on a substrate wjth= 9.9 and a
Sy1 is equal to thickness of 0.631 mm. For this substrate, the lines have a char-
J ; acteristic impedance of 5Q. The results of the new method
_ : T will be compared to those of the normal MoM. Both T-junc-
S21 = Rotez ;TQ U) <; @ L>T1(L)> ) (18) tions are then segmented using a square mesh of 0.2 mm
’ segments (3 mm/15), which will generate 88 unknowns (rooftop
Due to reciprocity,S;» is equal toS%; andG(s, j) is equal to basis functions).
G(j,1). The double summation in (18) can be rearranged so thatUsing the optimization technique described in Section 1V, a
it is equal to the double summation of (17). TherefaRg,.; dipole model is calculated for this T-junction in a frequency
must be equal tdR..2. Since we used two arbitrary dipoleband of 1-30 GHz. In all the following figures, the T-junction
models,R.i. must be a universal constant, which has the saroeits model is placed as shown in Fig. 5. The continuous line
value for every possible dipole model. To calculate the value wf the figures refers to the-oriented fields and the dashed line
this constant, we can now choose the easiest possible case.refers to they-oriented fields.
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Fig. 6. Ratio of maximum error to maximum field value for excitation at ports 1 (left-hand side) and 2 (right-hand side). Six-dipole model. Fregueatcy s
4 mm.

At the start of the optimization procedure, with the sixs (logarithmically) at the middle of the frequency band. The
dipoles, initial position set by the current center and the curresame can now be done for a fixed frequency as a function of
spread as was described in Section 1V, the cost, given by (15)the observation distance. This is shown in Fig. 7 for the lowest
equal to 177. The optimization of the dipole positions reducé®quency (1 GHz). As can be expected, the correlation is worst
this to 32. The current distributions on the T-junction wheat close range and is maximum when the distance is equal to the
excited at port 2 at 5 and 30 GHz are shown in Fig. 5. Eachdius of the test-point circle because the model was optimized
arrow represents a basis function. At 30 GHz, the wavelendtir this distance. At larger distances, the ratio of maximum error
is about equal to the component’s size (3 mm) and the curréatmaximum field strength goes to a steady value-8D dB.
is varying because of the phase differences across the lengthe fluctuations in the curve at greater distances are due to
This implies that we will need more dipoles to model thaumerical problems with the Green’s function. At greater
component at this frequency. The first model uses six dipolesdistances, the derivatives of the Green’s function, needed in
is verified by comparing the field it generates at the test poin{8), become very small. Therefore, they become dominated by
to the original field distribution. This is shown as a function ohumerical noise. The solution for this is to use more points
frequency in Fig. 6. The 100 test points are placed in a cirder the interpolation of the Green’s function, but this increases
of 4 mm around the center of the model. The graphs shdhe computation time. The worst result is obtained when the
the ratio of the maximum error (over all the test points) to thieequency and distance are the lowest. Fig. 8 shows a polar
maximum field strength (over all the test points). The frequeng@jot at 2 mm and 1 GHz to illustrate this. The continuous line
at which the dipole positions are optimized is 5.5 GHz, whictepresents the original field and the-™ line represents the
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Fig. 8. Polar scan of six-dipole T-junction model, compared to original field, at 2 mm and 1 GHz.

model’s field. The left-hand side of the figure is theoriented -5

field and the right-hand side shows thieoriented field.

For higher frequencies, the results become better: the err
ratio is below—35 dB for each port above 4 mm at 30 GHz. The 7
reason for this is that the feeding charges that appear at the po 2718y
of the T-junction become smaller as the frequency increase il

x

The current at a port is equal to the time derivative of the feedin & 20r

=
=

charge. Therefore, the needed feeding charge becomes sma g
for increasing frequency and constant current amplitude. Thu;lj
feeding charges make it harder to model the component’s rac

=
x

-10F

ation pattern; hence, the decreasing model quality at lower fre¢ E
guencies. At even higher frequencies, the model will fail be .|
cause the phase variation across the discontinuity cannot
modeled accurately enough with the six dipoles, the answer 1 _4q

this problem is to increase the number of dipoles. This probler 0

is illustrated in Fig. 9 by using a three-dipole model (one dipole

for each leg of the T-junction) for the T-junction. The test point,sig_ 9. Frequency dependency of the error ratio for the middle line for a
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for the optimization of the three-dipole model are placed atti@ee-dipole model with test points at 9-mm distance.
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Fig.10. S-parameters for the structure shown in Fig. 4. The continuous line was calculated using the MoM."Tihe fs calculated using the six-dipole model.

larger distance (9 mm) because, at 4 mm, no good result can
obtained using only three dipoles. As the frequency increas
the results clearly deteriorate.

The model shown in Figs. 6—8 will now be used to calculal
the mutual coupling between the two T-junctions, as depict
in Fig. 3. The ports are numbered as indicated on this figu
The calculation is for a distanee = 3mm. Fig. 10 shows the
S-parameters for this case, obtained with the dipole model (*
line), compared to the solution with the moment method (con-
tinuous line). Fig. 11. Two shunt series resonators composing a four-port. Each segment is

The sharp increase in the coupling levels at the lowest fr@5 x 0.5 mm.
guencies is caused by the earlier mentioned feeding charges

that feed the current at the positions of the ports. As explaingd ports 4 to 1, calculated with the dipole model and using
before, these charges will become bigger as the frequency gec 1o\ The maximum error is about 1.5 dB ard This is

creases and raise the coupling levels. If the component is fed X a good result because this is a very difficult situation due
lines (these were not taken into account here), then the feedfgqhe following

charges of the component and the feeding charges of the lines .
that are feeding it will cancel out. 1) The component |s_Iarge compared to the wavelength and
The last example handles a more complex structure. The compared to the_dlstance betvx{eeq the_compon(_ants.
structure is a shunt series resonator, placed on a substrate Witr?l) The component is qctually agrcun in itself, which con-
a thickness of 1.2 mm and a relative permittivity of 2.2. The tains about Seven discontinuities. .
first (wanted) resonance is at 4.2 GHz and results in a dip 3) 'I_'he co_mponent S very frequency selective and the op-
of —25 dB in S12 . A second (parasitic) resonance occurs at timal d|pple posmons are only calculate_d for one fre-
7.5 GHz. Two of these resonators are positioned as shown guency (in this case, 4.2 GHz). The optimal dipole ex-
in Fig. 11 (the resonator on the right has been rotated)180 citations are recalculated for each frequency though.
The port numbering of this four-port is shown in this figure. TO illustrate the speed difference between the regular MoM
The structure is about 1& 10 mm (about one-quarter of aand the dipole model calculations, we will now try to estimate
wavelength at 8 GHz). The distance between the outer edda@ humber of floating point operations (flops) as a function of
Of the two resonators is 5 mm. The Coup”ng between the t\m number of Components in the circuit for both methods. To
shunt resonators is calculated using 17 dipoles per reson&®rthis, we must first assume a few “typical” values for a com-
for the dipole model and using 340 (rooftop) basis functiorPNent.Nuyc, the typical number of basis functions per compo-
per resonator for the MoM. The model is first tested separatefignt, is set to 5V, the typical number of dipoles per compo-
again by plotting the maximum error to maximum field ratioR€ntis setto sixV,, the typical number of ports per component,
The graphs on the right-hand side of Fig. 12 show the ratio i&ts€t to two. The number of flops needed to coulglecompo-
4.2 GHz, fed at ports 1 and 2, as a function of the distance frd#gnts using the dipole model is then given by
the center of the model. The graphs on the left-hand side show
the ratio as a function of frequency at 12 mm from the center NN, —1) ,
of the model. Fig. 13 shows the coupling from ports 3 to 1 and flops = ———— (NG +2NuNy) - (20)
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Fig. 12. Maximum error to maximum field ratio for a series resonator of Fig. 11. Left-hand-side graphs: ratio as a function of frequency at 12 mmwefinten the
of the model, right-hand-side graphs: ratio as a function of distance at 4.2 GHz. Upper graphs: port 1 fed, lower graphs: port 2 fed.
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Fig. 13. Comparison af,; andS,4 for the two resonators calculated using

the dipole mode{+) and using MoM (continuous line). Fig. 14. Comparison of the needed number of floating point operations for

MoM (+line) and for the dipole model (continuous line) as a function of the

. . number of components in the circuit.
The number of flops needed to solve the integral equations Is P

more or less proportional tvZ,, whereN,,, is the total number

of unknowns(Vy, = N.Nypc). To get a more accurate esti-components, whereas in the MoM, it increases proportional to
mate, we used the flops command in Matlab to get the exdbe third power of the number of basis functions that is used. It
number of flops needed to solve the matrix. The number of flopsust also be noted that a separate “dipole Green’s function” can
needed for both methods is compared in Fig. 14. It is clear tHa used that contains the coupling between dipoles as a function
the method proposed in this paper needs significantly less flogfsdistance, whereas the coupling between basis functions al-
than the MoM, especially for larger circuits. From (20), we caways involves integrating the Green’s function over the source
also conclude that the calculation time increases proportiorald observation basis functions. This results in a further speed
to the square of the mean number of dipoles that is used in tie of the described method over the MoM.
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VI. CONCLUSIONS [7] B.Van Thielenand G. A. E. Vandenbosch, “Method for the acceleration
of transmission-line coupling calculationdEEE Trans. Microwave

The main advantage of this method is the speed up: for the  Theory Tech.vol. 49, pp. 1531-1536, Sept. 2000.
first example, the MoM uses 2.142 s to set up its matrix, 0.345 s[8] ——, “Fast transmission line coupling calculation using a convolution

to solve it, and 3.427 s to deembed the six ports. The same ma-

technique,1EEE Trans. Electromagn. Compatol. 43, pp. 11-17, Feb.
2001.

chine (HP C-160 160-MHz risc processor) needs only 0.152 to[9] K. Yang, G. David, J.-G. Yook, |. Papapolymerou, L. P. B. Katehi, and
calculate the dipole couplings and the correspondifaram- J. F. Whitaker, “Electrooptic mapping and finite-element modeling of

eters. For large circuits, the speed up will become much bigger

the near-field pattern of a microstrip patch antennBEE Trans. Mi-
crowave Theory Techvol. 48, pp. 288-295, Feb. 2000.

because the inversion time will rise proportional to the third[10] B. Truyden and J. Cornelis, “Adiabatic layering: A new concept of
power of the number of unknowns. The dipole model needs no  hierarchical multi-scale optimizationNeural Networksvol. 8, pp.

matrix inversion and will work much faster for large circuits.

1373-1378, Aug. 1995.
N. Dyn, D. Levin, and S. Rippa, “Numerical procedures for surface fit-

Another advantage is that the dipole model needs much less * ting of scattered data by radial function§IAM J. Sci. Stat. Comput.
memory than the moment method because only the couplings vol. 7, pp. 639-659, June 1986.
between the dipoles of two discontinuities need to be kept in
memory. It has been demonstrated in this paper that, for the
C.Oup.llng situations that f’mse between components in a reg“é%ﬁ L. A. Van Thielen was born in Belgium, on May 8, 1970. He received the
circuit, the new method is accurate enough (max. 1.5-dB dewi=sc. degree in electrical engineering from the Katholieke Universiteit Leuven,
ations) to be used for the design of circuits. Leuven, Belgium, in 1996.

(1]

(2]

(3]

(4]

(5]

(6]

He is currently a Research and Teaching Assistant with the Telecommuni-
cations and Microwaves Section, Katholieke Universiteit Leuven. His research
REFERENCES interests are mainly in the areas of electromagnetic theory, numerical methods,

) . and electromagnetic compatibility.
G. A. E. Vandenbosch and A. R. Van de Capelle, “Mixed-potential in-

tegral expression formulation of the electric field in a stratified dielec-

tric medium—Application to the case of a probe current sounéegE

Trans. Antennas Propagatiol. AP-40, pp. 806—-817, July 1992.

——, “Accurate modeling tool for coaxially fed microstrip patch con-Guy A. E. Vandenbosch(M'92) was born in Sint-Niklaas, Belgium, on May
figurations in stratified dielectric media&rch. Elektron. Ubertragvol. 4, 1962. He received the M.S. and Ph.D. degrees in electrical engineering from
49, no. 3, pp. 151-159, Mar. 1995. the Katholieke Universiteit Leuven, Leuven, Belgium, in 1985 and 1991, re-
B. L. A. Van Thielen and G. A. E. Vandenbosch, “MAGMAS: Presentspectively.

status,” inProc. COST 245 ESA Workshop Active Antenheordwijk, From 1985 to 1991, he was a Research and Teaching Assistant with the
The Netherlands, June 1996, pp. 149-159. Telecommunications and Microwaves Section, Katholieke Universiteit Leuven,
F. J. Demuynck, G. A. E. Vandenbosch, and A. R. B. Van de Capelleshere he was involved with the modeling of microstrip antennas with the
“The expansion wave concept—Part |: Efficient calculation of spatiahtegral equation technique. From 1991 to 1993, he held a post-doctoral
Green'’s functions in a stratified dielectric mediunt2EE Trans. An- research position at the Katholieke Universiteit Leuven. He is currently a
tennas Propagatvol. 46, pp. 397-406, Mar. 1998. Professor at the Katholieke Universiteit Leuven. His research interests are
——, “The expansion wave concept—Part |I: A new way to model mumainly in the area of electromagnetic theory, computational electromagnetics,
tual coupling in microstrip arraysEEE Trans. Antennas Propagat. planar and conformal antennas, and electromagnetic compatibility. He has
vol. 46, pp. 407-413, Mar. 1998. authored or co-authored papers in international journals and has been presented
R. Coifman, V. Rokhlin, and S. Wandzura, “The fast multipole methoat international conferences.

for the wave equation: A pedestrian prescriptidEEE Antennas Prop- Prof. Vandenbosch is amember of the COST 260 Project, which is a European
agat. Mag, vol. 35, pp. 7-12, June 1993. project on “smart antenna computer design and technology.”



	MTT024
	Return to Contents


