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Short Papers

Numerical Analysis of Complicated Waveguide Circuits on S-matrix of the block consists of amplitudes of elliptic waves prop-

the Basis of Generalized Scattering Matrices and agating in the corresponding half-spaces from the flanged apertures.
Domain Product Technique Regular waveguides are attached to the irregular part of the junction by
introducing a block having the form of the open-ended waveguide with
Vitaliy P. Chumachenko and Vladimir P. Pyankov the flange. Implementation of tht#e-matrix method based on the blocks

proposed enables accurate analysis of the fairly complicated structures
with low computational cost.
Abstract—H - and E-plane waveguide structures having arbitrarily
polygonal boundaries and piecewise homogeneous fillings are considered
in this paper. A modified version of the generalized scattering matrix Il. FORMULATION

(S-matrix) method is applied to their analysis. More specifically, the . N .
segmentation of the whole unit is carried out. A homogeneously filled Geometry of the problem is shown in Fig. 1(a). The modeled multi-

multiangular region, supplied with flanged apertures, is taken as a key layer structure is uniform along the axis and has a size in this direction.
building block. Scattering matrix of the block consists of amplitudes Itis anH - or E-plane waveguide junction filled by piecewise homoge-
ﬁ;h?'s"ggge‘g’aéezl p;?gﬁg;tltnhgegor;nattrhe' ;‘Fg‘;rstggez r:nthtgedocr%gisg(r):c?”;? neous lossless magnetodielectric. In further discussion, we shall distin-
- . eEvaluatl - X1 | u . . .
technique (DPT). Numerical examples demonstrating the efficiency, guish betw_een the_se casesH3 and ), reSpe_Ct'V_ely' Eyery med_'um
flexibility, and reliability of the approach are also presented. may contain multiangular perfectly conducting inclusions having no
contact with the interface. For the sake of simplicity, we assume that
all the contours of their cross section are closed. The combined pres-
ence of ideal electric and magnetic walls is permissible. The last gives
the possibility to reduce the order of simultaneous equations in the
I. INTRODUCTION problem for symmetric geometry. We also consider the cross section
The simulation of the - and E-plane waveguide structures has nu9f any part of mterfa(_:es as a snngle segment with the end points on
S L o . - the perfectly conducting boundariesi,; (H) or LE,; (E) modes
merous applications in microwave circuit design. The literature on this . e .
S . . are excited in the structure. Heiés fixed and the same for different
subject is very extensive. Of many books and papers, we mention OWaveguides and denotes the number of the field variations an
[1]-[8] discussing the problem and giving references. g 9

A conventional approach to the analysis of a complex structure co-l;]he time factorxp(iz) is omitted and suppressed throughdtide-

sists of dividing the whole unit into building blocks and subsequent glr(;dggcizsé(iéizs,/il)s) ;IZ()) %rr:ﬁﬁgdm/b) (E)or (H, E,b= oc)inthe
e>_<p|oiting the method of genera_li_zed scattering (Or o_ther circuit) ma- The Sroblem is to findz-compo-nenU of electric () or magnetic
trices [1]-[3], [7]- Here, for obtaining the characteristics of the entlr?E) field satisfying the Helmholtz equation and the homogeneous

multielement object with the required accuraSymatrices of the sep- glirichlet () or Neumann E) conditions on the conducting parts of

Index Terms—bomain product technique, scattering matrix, waveguide
components, waveguide discontinuities.

arate parts are to be determined with a high precision, owing to possiple . .
P ghp gtop £ boundary. Those are taken in the reverse order on the magnetic

accumulation of calculation errors. The approach works successfull)(%l lis. The conditions. which quarantee continuity of the tangential
the suitable building blocks emerge after segmentation, which can : ) guarg Y 9
cc%mponents of the field, are prescribed across the interfaces as

studied on the basis of effective numerical analytical techniques su
as, e.g., the modified residual technique [1] or semiinversion method

[8]. The set of such objects is clearly limited in number. Direct numer- 05/4 = U%U
ical or hybrid methods (the latter ones include the first as components) 3 A_p O/B' Q)
n Jn

are used for the analysis of more complicated structures. Direct numer-

ical methods are more versatile, but require a large computer mempgyre 1, is the normal to the perimeter

and longer computing time. Their computational efficiency can notice-

ably decrease in the presence of edges on the scatterer contour, espe- =B Y4 wB X4

cially in finding amplitudes of higher order modes [8]. P=_" ) (H) or P= YRS (E) )
In this paper, we propose to replenish the set of key building blocks

with anew one. A very flexible unitis constructed in such a manner thatand,. are relative permittivity and permeability

its characteristics can be accurately found based on the domain product

technique (DPT) [9]. The above configuration is similar to the one used

in recently published work [10] analyzing scattering from the groove

in a ground plane. The interior part of the block (result of segmenta-

tion) is a homogeneously filled region bounded by arbitrary polygon. . . .

The boundary has “windows” supplied with infinite planar flanges. Th%nd)‘ Is the free-space Wav_elen_gth. The qgantltles are marked by in-

exesd and B on the opposite sides of the interface.

Let us disjoin the waveguide junction into the autonomous multian-
Manuscript received September 15, 1997. gular blocks with homogeneous fillings. In Fig. 1(b), they are shown
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Fig. 1. Decomposition of the waveguide junction. (a) Initial unit. (b) Decomposition scheme. (c) Separate building block.

andpu™ are usually considered to be equaktandp of the right- or
left-hand-side autonomous block.

The scattering matrix of the separate block shown in Fig. 1(c) can
be determined as follows. The block is formed by an interior region,
bounded by a polygon, and attached half-planes. The total field in the
half-plane consists of a possible incident wave, caused by the opposite
building block, and waves propagating from the flanged aperture and
obeying the radiation condition. Here, we suppose that the sought-for
function satisfies the homogeneous Neumann boundary condition on
the flanges in both theH) and ) cases.

We introduce the following notations for the interior regidn:is the
set of numbers for segments related to aperturesand Ix are sets
for segments with Dirichlet and Neumann boundary conditions, corre-
spondingly, and = I, U Ip U Inx.We next define local Cartesian

(x;.y:) and elliptic(&:, ;) coordinate systems related to each other big. 2. Jump of permittivity and segmentation used/(f- = 1,¢ =
formulas 2.3,u = 1).
@i = ficosh§ cosn;  yi = fisinh & sinny, i €1 (4) HereU; is the sought-for function within thah half-plane and® is

the value of the parametét from (2) for theith aperture (mediumt
wheref; is a half-length of théth segment. The origin of the systemis located in the interior).
(zi,y:) is located at the center of the segment, and @xisis directed Following the DPT, we consider the interior region as a common
into the interior region along the normal to the perimeter. Every separt (product) of some simple basis regigns> 0(: € I) possessing
ment of the contour may then be taken for a degenerate eflipsel.  separable geometry in the elliptic coordinates introduced. It gives pos-
On its different sides, wherg = 0— ory; = 0+, the variable); runs sibility to represent functiod’ in a manner similar to that in [9] and
from —1tto 0 and frommtto O, respectively. In the coordinate system$§10] as

introduced, boundary conditions take the following form: U= Z U, 9)
U=0 y;=04+ || < fi, i €1Ip %) il
ou _ . . =
Ty = 0 yi=0+ |oi] < fi, i € In (6) U, = ZO DL M, (& qi)een (i, q:). (10)
ov; ?Di =0, i€y (7) Here,cen(n:,4:) are even angular Mathieu functionsl, (&;, ¢;) =
o ni=—m+t o n;=0— Mesf)(gi,qi)/Meﬁf)((),qi),MeE,?)(&,qi) are relevant radial Mathieu
. . functions (the notation are due to [11§), = (xf:/2)%, and{D.}
Ulyi=o+ = Ui |y;=0—-, is a sequence of expansion coefficients to be specified. The last se-
oUu guence tends to zero with increaserofis O(1/n**X) if the trans-

loil < fi, i€ la. 8

verse components of the field have singularities of the pe~") in
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TABLE |
DEPENDENCIES OF THES-MATRIX ELEMENTS ON THE TRUNCATION NUMBER N FORM; = M; = N; = N, = N3 = N

. (H): 2f,/A=075 (E): 2f,/A=0.25
S} arg il | |83 arg 82! | IS{] arg S) | 18Z arg 82|
1 0.3062 | 3.1285 | 0.1978 | -0.0086 | 0.2647 | 2.1227 | 0.7084 | -2.1536
2 0.3665 | 3.0414 | 0.6928 | -0.1722 | 0.2430 | -0.0579 | 0.9735 | -2.3663
4 0.3021 | 3.0809 | 0.9435 | -0.0998 | 0.2054 | 0.0051 | 0.9786 | -2.3839
6 0.2924 | 3.1398 | 0.8564 | -0.1357 | 0.2054 | 0.0010 ] 0.9787 | -2.3825
8 0.2927 | -3.1414 | 0.9562 | -0.1361 | 0.2053 | 0.0003 -2.3824
10 -3.1416 -0.1360 0.0001 -2.3824
12 0.0000 -2.3822
Exact
value 0.2927 1 -3.1416( 0.9562 | -0.1360 | 0.2053| 0.0000 0.9778 ] -2.3822

the vicinities of the ends of the segment [9]. Hexe= 1 — 2~ andy
is the greatest of two powers corresponding different end points. Since ,;

cen(n,q) ~ cosnn, Mn(€,q) ~ e "% asn — oo, (9) and (10) give Gmn = ~T[\[m(0 ) / 9E; |:u”(£] €i) - cen (il ;)

.. . . . . . £;=0

efficient representation of the sought-for field in the interior.  cem (i, q1) dmi, i€y (16)
Half-planes, attached to the apertures, also have separable geometry

in elliptic coordinates. Therefore, functiof§", satisfying boundary .

conditions (7) can be also written in the form of expansions interms of 3¢~ — _2 / cen (i, al ) cem(niyqi) dn; (17)

the Mathieu functions as T Jo

Tk tk 3 * *

Ul = ZU S M (s 07 ) - cen(nir ) ¢y = (=P (18)

0k (= 1) My (& ai) - cep(niai)s  ink € La. (11) M} (0, 4:)b
Here,s'" are elements of the scattering matrix, subject to definition, ", = ST (19)

P (0, qF
b1 1S the Kroneker delta, an#l is the number of the aperture being ©0.49)

excited. Similar to{ D}, }, convergence rate of the sequeref;, } de- Y
pends on the behavior of tH&* in the vicinities of the end points of ~ @mn = m / 76 {W (& a5)cen (0, 45)
the aperture. In (11), the second term represents an incident wave prop- cEmA o £i=0
agating from the next block. The incident field expression is written in “cem (i gi) A, J# (20)
the coordinate system of ttigh aperture of the block considered. It
is valid solely if the distancd between that block and the next one, =« i _ pt1
. . . - ('mp - (_1) émp (21)
causing this wave, vanishes. Note that reflected wavesmwithp are . o ) ]
orthogonal to the impinging wave in terms of inner produtty) = Here,A.,. (€, ¢) denotes the derivative of the functidd,,. (¢, ¢) with
1T f(nr)g(ne) dny for d = 0 only. respect t&¢. The system (12)21) has the same properties as the one
Inserting (9%(11) into (5)48) and using orthogonal properties of then [10] and can be solved using a truncation procedure. _
angular Mathieu functions yield the infinite linear algebraic system _ The generalized scattering matrix of the open-ended waveguide con-
sists of the amplitudes of elliptic waves of the half-space and those for

D+ > > ai.Di the waveguide eigenmodes. It is evaluated by using an algorithm sim-
JEI n=0 ilar to the one described in [12]. Once scattering matrices of all the
kED

building blocks have been derived, one can calculateStmeatrix of

=0, m=0,0c; i€Ip U I (12)  the whole junction using knowf1, 3] reconstruction formulas.
D+ Z i DI+ Z X Ill. SAMPLE RESULTS
m mn n mn np
JEI n=0 n=0 Included in this section are sample results obtained frorDR-
= 6ikcinp7 m=0,00; ©€1I4 (13) TRAN computer code, which implements the theory described above.
The computing periods reported below refer to an IBM PC compatible
computer with a Pentium central processing unit (CPU) at 166 MHz.
Z Z ail. Dl + smp Sy are elements of thg-matrix of the whole junction considered.
JEI n=0 First, for the sake of verification, we examine simple waveguide dis-
= 85 m=0,00, i€l (14) continuity shownin Fig._2 a_nd form_ed by ajump of permit’fivity. Table |
. shows changes if};;, with increasing truncation numbe¥. V; de-
with R notes the order of the partial sum in (10) after truncation for the func-
ad = 2 / {Mn(@_/ a;) - cen(nj.q;) tionsU; related to the middle building blocRZ, and}M, are the num-
T Jo £;=0 bers of the waveguide eigenmodes taken into account in ports 1 and 2

- cem (i, qi) dni, i€lp (15) during computation. Exact values of th&;, are also given. Note that
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Fig. 4. |Syt| versusya/(2x) in the (E) case for a three-port junction with
dielectric insertion{ = 2.3, x = 1,¢/a = 0.8,b/a = 2).
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does not lead to matrix equations of a high order and, as a consequence,
does not require a large computer memory.

In Figs. 3 and 4, illustrative examples demonstrating some possibil-
ities of the technique are given. Fig. 3 presents plofsdf, | as func-
tions of the relative permittivity of a dielectric wedge placed into the
coupling cavity of the waveguide T-junction depicted. The structure is
excited by the dominant mode in both ti¢)Yand ) cases. It = 1,
results obtained coincide with the known [2] data for the respective
hollow-waveguide discontinuities. The total computing periods were
6 s (H) and 8 s £) (41 calculation points for each case).

Fig. 4 presents the dependencies of the normaliZedatrix ele-
ments versus frequency parametey/ (2= ) for the three-port junction
shown. The incident wave 5Eq; . The elapsed period (26 frequency
points) was 12 s.

IV. CONCLUSION

A new version of utilization of the generalized scattering matrix
method in simulation of the two-dimensional (2-D) waveguide struc-
tures having polygonal boundaries and piecewise homogeneous fillings
is presented in this paper. A special way of segmentation of such ob-
jects, providing possibility of determinin§-matrices of the building
blocks on the basis of the DPT, is proposed. Practical applicability of
the theory has been confirmed by solving test problems. The approach
offered enables efficient and accurate analysis of the wide group of
geometrically complicated waveguide junctions and components with
low computational cost.
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Efficient Evaluation of Spatial-Domain MoM Matrix with uniform segmentation, which gives rise to block symmetric MoM
Entries in the Analysis of Planar Stratified Geometries impedance matrices. Detailed study of hybrid method for the interdig-
ital capacitor mentioned in Table | will be provided in the following
sections. Due to space limitations, results for the patch antenna and the
Noyan Kinayman and M. I. Aksun bandpass filter could not be provided.
In order to introduce the hybrid method, let us first write down the

spatial-domain MoM matrix entry of a planarly stratified geometry ob-
Abstract—An efficient hybrid method for evaluation of spatial-domain  tgined through the MPIE formulation [1], [2]
method-of-moments (MoM) matrix entries is presented in this paper. It
has already been demonstrated that the introduction of the closed-form Zyun = (T, G g )+ L <T 0 |:Gq " OJwn }>
mn xm s xx 7 rn ’LU2 rms a;lj x

tational improvement in filling up MoM matrices and, consequently, in the 1)
analysis of planar geometries. To achieve further improvement in the com-
putational efficiency of the MoM matrix entries, a hybrid method is pro-  whereT,,,, are the testing functiong,,,, are the basis functions, and

fzosed_(ijn this P{ifper ('tmd, thWOUtE_JJh S_Ofo1_ﬁ_ examp’\l/lesMit is td?monsr:,rf‘md that () is the inner product. The spatial-domain Green's functions em-
It provides significant acceteration in fifing up Mol matrices while pre- ployed in (1) are obtained in closed forms with the use of the two-level

serving the accuracy of the results. i . . ;
approach described in [7], which have the generic form of
Index Terms—Closed-form spatial-domain Green'’s functions, method of N B
moments, printed circuits. GA o Z W, C

Green'’s functions into the MoM formulation results in a significant compu- B Ox

)

wherer,, = +/p? = b2, p = /22 4+ y?, k; is the wavenumber in
source layer, andl, is the complex constant. It has been demonstrated
in [6] that the MoM matrix entries given in (1) can be calculated an-
alytically without any numerical integration for piecewise-continuous
The method of moments (MoM) is one of the widely used numepasis and testing functions, provided the closed-form Green’s functions
ical techniques employed for the solution of mixed potential integrate used for the formulation. In that approach, each of the exponentials

equations (MPIE’s) [1]-[3] arising in the analysis of planar stratifieh (2) is replaced by its Taylor series approximation as follows:
geometries. Recently, the computational burden of the spatial-domain

N M "
MoM, which is evaluations of the Sommerfeld integrals, has been alle- Gh e e Z an Z Conm (rn —1e)"™ (3)
viated by introducing an efficient algorithm to approximate these inte- n=1  m=0 In

grals in closed-form expressions, resulting in closed-form spatial-dgherec,,, are the Taylor series coefficients and s the center of
main Green’s functions [4], [5]. Consequently, the central processiegpansion for the exponential ter’*:™ . Alternatively, one could

unit (CPU) time required to calculate the MoM matrix entries, alsgeplace the entire Green’s function in (2) with a suitable approximation
known as “fill-time,” has been reduced considerably. Following this déhat would enable the reaction integrals to be evaluated analytically. For
velopment, it was also shown that the reaction integrals (MoM matfi¥stance, one may use the polynomial approximation for the Green’s
entries) resulting from the application of the MoM in conjunction witfynction as

the closed-form Green'’s functions can also be evaluated analytically,

which further improves the computational efficiency of the spatial-do-

. INTRODUCTION

main MoM [6]. L
In this paper, a new hybrid method based on the use of the technique GM Z v p (4)
outlines in [6], in the vicinity of the source and a simpler approxima- =—1

tion algorithm, elsewhere, is developed and presented. Itis also demon-

strated that this hybrid method has significantly accelerated the matfikerey: are complex coefficients obtained from a least-squares (LS)
fill-in time as compared to the original approach presented in [6]. TH&ING scheme. It is obvious that the analytical integration of the re-
application of the hybrid method is provided for a realistic exampl@ction integrals is considerably simpler for the Green’s function ex-

and possible difficulties together with their remedies are discussed.pressed in (4) than for those expressed in (3). This is because the an-
alytical evaluation of the inner-product integrals using the former rep-

resentation requires extensive complex arithmetic operations, as well
as multiple evaluations of complex logarithms and trigonometric func-
Evaluation of MoM matrix entries is the one that requires most afons. However, the caveat in the polynomial-fitting approach is that the
the CPU time of the technique for moderate-size geometries (spannépproximating the Green'’s function over the entire range is very diffi-
a few wavelengths). To give an idea, CPU times for the evaluatiopglt, if notimpossible, with a relatively smalll, because of the singular
of the Green’s functions, matrix entries, and the solution of the MoMehavior of the Green’s functions as— 0. One approach to resolving
matrix equation are given in Table | for some typical printed geomehis dilemma is to utilize both of the above representations, but in com-
tries. Note that the geometries referred to in Table | have been analypigmentary regions, thereby taking the advantage of the salient features
of both. This can be done by using (3) to represent the Green’s function
for smallp, where it exhibits a singular behavior, and then by switching
over to (4) agp becomes larger.
Manuscript received November 4, 1997. To summarize, a direct application of the rigorous method places an
N. Kinayman is with the Corporate Research and Development Departm%r\*rnecessary computational burden wiperthe distance between the
M/A-COM, Lowell, MA 08153 USA. . ; . .
M. I. Aksun is with the Department of Electrical and Electronics Engineerin ,Ource and teSt_'ng points, Is grea_ter than a pr_edetermmEdMalue
Bilkent University, Ankara 06533, Turkey. 0°/ko, wheres is a constant. To circumvent this problem, one can use
Publisher Item Identifier S 0018-9480(00)00864-4. a hybrid approach as given in (5), which uses a judicious combination
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TABLE |
CPU TIMES IN SECONDSREQUIRED FOR THEANALYSIS OF SOME TYPICAL GEOMETRIES AT SINGLE FREQUENCY ON ASUN SPARC ULTRA-2 WORKSTATION.
HYBRID METHOD INCLUDES THE ADAPTIVE SELECTION OF p;,, AS EXPLAINED IN SECTION Il

Geometry # of Analysis Green’s Matrix fill-time (sec.) | Solution
unknowns | frequency | func- time (sec.)
(MHz) tion compu-

tation time

(sec.) Hybrid Rigorous
Patch antenna [8] 537 2300 2.3 7 63 30
Band-pass filter [9] | 1638 2575 2.3 23 570 1100
Interdigital MIC | 576 5500 2.3 9 187 39
capacitor (Fig. 1)

of the two methods, to increase the computational speed with whic 4 5 100
the MoM matrix entries are generated as follows: ' e =g
g : 0 9‘% TP s0g 80
- g N —Jk; ’u2+v2~b721 ' Y
flu)g(v) Z n 67 du dv, 0.8 w*"‘ﬂ\ﬁ\ ] }?9:(2\8:6 60
n=1 ’ ’ll/2+’l/'2—b;‘)7 &Sﬂ
. 40
0 A _ )< e (52) 07 5 811] (MPIE) p
3 06 b 018121 (MPIE) Y
o L - —6 <511 (MPIE) J IS i
= A—A <812 (MPIE = 5
// f(’u)g(’v)lz1 wip' dudv,  p>pi. (5b) ‘;‘J” ol Sy <S1zhrs et —_— 0 g
= 0.4 5 20 3
For rooftop basis and testing functiorf§u) andg(v) are given as P G 0 k3
. 0.3 + . -
flu)=ao+ aru+ asu? + azu’ (6) /@/ 1 NN&“*%@“
. 0.2 pra -60
g(v) =Po + Biv ) Z/zfg
wherea andp are constants obtained from the correlation operation ¢ 01 -80
the basis and testing functions [6].

0.0 -100
1000 2000 3000 4000 5000 6000 7000 8000 9000 10000

At this point, it is worthwhile to describe the strategy for employing Frequency (in MHz)

the hybrid technique. To use a smalin (4) and simplify the algorithm,
the polynomial-fitting algorithm is performed over a small rangg of Fig. 1. Si; andS:, of the interdigital capacitor given ifig. 2 The dashed

whichiis requires the LS fitting wittV,. sampling points to be repeatediines represent the resuilts fram by Sonnet Software, Inc, Liverpool, NY.
for each of the inner-product operations. Consequently, to accelerate

the fitting process, the closed-form Green'’s function is sampled be-

tweenp;; and pmax, and the sampled values are stored in a look- A d the iterati i il (8) is satisfied. Thi
table before starting to fill up the MoM matrix. These tabulated valyddcrementap, andine iteration continues unt (8) s satisfied. ;s ap-
roach makes the hybrid method a very suitable tool for designing an

can then be subsequently interpolated to perform the LS fitting refa-. " o :
tively fast for each inner product operation. Here, one can use linear cient MoM-based electromagnetic simulator. In the examples given
quadratic interpolation scheme to find required values for the LS a'B— able |, the constank’ was selected as 18
proximation process from the previously sampled values of the Green'’s
function whose effects will also be demonstrated.

For a given geometry, either user can specify the valye,dhrough  To study the effectiveness and accuracy of the hybrid method pro-
s orit can be determined adaptively by using the rms fitting error in thgssed in this paper, CPU times for different parameter setting and scat-
LS approximation scheme. The adaptive approach, which is the @Bfing parametersS(-parameters) of an example printed structure are
used throughout this paper, starts with an error criterion defined asgBtained using the rigorous and hybrid methods. The example selected

and the iteration is terminated, otherwjsgis increased by a small

Ill. NUMERICAL EXAMPLES

following form: here is an interdigital microwave integrated circuit (MIC) capacitor
1 & 2 whoseS-parameters and geometry are shown in Figs. 1 and 2, respec-
. Z{Gé’eghod#l - Gﬁ);sghod#z <E (8) tively. Number of basis functions for the interdigital capacitor is chosen
Ne i=0 to be 576. For the sake of fairness, an error term is defined as
whereG: 4 41 corresponds to the Green's function approximations Np . .,
obtained from (3)G,. %, .4 4» Corresponds to the Green'’s function ap- error = | > | SiEorens — guybrid )
proximations obtained from (4} is the acceptable rms fitting error, =1

and . is the number of samples used in error checkiNg ¢ N;,). whereN, isthe number of ports in the structure. The matrix fill time for
Then, since the LS approximation in (4) is implemented over a rangetbfs geometry could be reduced by changing the auxiliary parameter
p(pa < p < pp), the lower and upper limits, andp;, respectively, are as shown in Fig. 2 = 4, N;; = 9). Note that the matrix fill time for
determined adaptively starting with the initial values of minimum celachs value given in the figure is the accumulative fill time over fre-
width and maximum possiblevalue for the inner product evaluation,quency in the simulation band, whereas the times given in Table | are at
respectively. If the condition specified by (8) is satisfied, is set to single frequency. To find the average fill time at a single frequency, the
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of s [error is defined in(9)].

provement in the average error, the error is still not acceptable at higher
frequency points. Thus far, we have only employed linear interpolation
with nine interpolation points, for which the results given in Fig. 3 have
higher error fos = —5.0. Although increasing the interpolation points
from 9 to 12 in the linear LS approximation has improved the results
to a degree, they are still not acceptable (Fig. 4). However, switching
to quadratic interpolation from linear interpolation gives a significant
improvement even for the smaller valuesspas shown in Fig. 4.

IV. CONCLUSIONS

In this paper, it has been demonstrated that the hybrid method sig-
nificantly improves the efficiency of the evaluation of spatial-domain
MoM matrix entries, on the order of tenfold to twentyfold reduction
in matrix fill time. Therefore, even for moderate-size geometries, the
solution time of the matrix equations becomes the dominating factor
on the overall performance of the spatial-domain MoM. Consequently,
the spatial-domain MoM in conjunction with the closed-form Green’s
functions has become a powerful computer-aided design (CAD) tool
for the analysis of planar structures, provided that the hybrid method
presented in this paper is employed in the evaluation of the matrix en-

of s [error is defined in(9)].
tries.

time values read from Fig. 2 should be divided by the number of sim-
ulation points, which in this case is 37. From the figure, it is observed [1]
that the matrix fill time is saturated around= —3.0, providing a
considerable amount of reduction in the matrix fill time. However, the
error in S-parameters is relatively high at some frequency points, and
the situation is even worse at= —5.0, as shown in Fig. 3. This could
be attributed to a poor approximation of the Green’s functions by the[3]
polynomials given in (4). It is also observed that the errof {param-

eters increases even though the percentage of the inner products eve{fl-]
uated through the LS fitting scheme does not increase. This is due to
fact that, although the value @f, below some point cannot change [5]
the matrix fill time (unless it becomes zero), the algorithm keeps sam-
pling the Green’s functions starting from lower and loyeralues as

pis 1S decreasing. However, such choicegpgfonly occur in cases of [
manually varying the value of; in practice, there is a minimum limit

(2]

2

(usually the minimum cell width) on the value pf, and it is deter- [7]
mined by the adaptive algorithm that was previously described.
As a next step, the number of sampling points, ., is increased 8]

from 9 to 12, and the error i¥-parameters is calculated again for
s = —b5.0, giving the results in Fig. 4. While there is a noticeable im-
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Trans. Microwave Theory Teglvol. 44, pp. 2099-2109, Dec. 1996. 5 q)ysis. The assumption is valid when the length of a line is much

longer than the wavelength of the guided wave and the operating fre-

quency of the guided wave is not high. This method can give fast and

accurate results in the microwave frequency range since the quasi-TEM

parameters for coplanar lines are only slightly sensitive to changes in

. _— N the frequency [15]. As the substratum, we study the quasi-TEM param-

CAD Models .for- Asymmetrical, EII|pt|c§I, le|ndr|cal, and eters for the ACPS with finite boundary substrates at first. In Sections
Elliptical Cone Coplanar Strip Lines llland IV, ECPS'’s, CCPS'’s, and ECCPS's are analyzed. In Section V,

. . _the reasonableness of the method and results are verified, and numer-
Zhengwei Du, Ke Gong, Jeffrey S. Fu, Zhenghe Feng, and Baoxin GI%?U results for the characteristic impedance for the ACPS with finite
boundary substrate, ECPS, CCPS, and ECCPS are given.

Abstract—By the conformal mapping method, we give analytical
closed form expressions for the quasi-TEM parameters for asymmetrical
coplanar strip lines (ACPS’s) with finite boundary substrate. Then, based
on the analysis of ACPS'’s, elliptical coplanar strip lines (ECPS’s) and
cylindrical coplanar strip lines (CCPS's), and elliptical cone coplanar strip - . .
lines (ECCPS's) are studied. Computer-aided-design oriented analytical _The analyzed. ACPS on a fln_lte-boundary substrate is shown in
closed-form expressions for the quasi-TEM parameters for ACPS’s, Fig. 1(a). The widths of the infinitely long strips are andw: and
ECPS's, CCPS'’s, and ECCPS's are obtained. All of the expressions are the gap between thems. The two strips are mounted on a substrate
S|mple_an_d accurate for microwave circuits’ designs and are useful for having a thickness of, a width of 2w, and a relative dielectric
transmission-line theory and antenna theory. The reasonableness of the £ Inthi he ACPS tarcés C = Co + O
method and results are verified and various design curves are given. constant ot.. In this case, the capacitarices O = Co +Cy,

. - where( is the ACPS capacitance in free space when the dielectric

Index Terms—Asymmetrical coplanar strip lines, CAD modes, con- . | d by ai d is the ACPS it btained wh
formal mapping, cylindrical coplanar strip lines, elliptical cone coplanar IS rep gce y air, and. _'S . e ) capaci ancg 0 alrle W_ en
strip lines, elliptical coplanar strip lines. assuming that the electric field is concentrated in a dielectric of

thicknessh, width 2w, and relative dielectric constant of — 1. This
assumption has shown an excellent accuracy in the cases of the CPS
. INTRODUCTION and ACPS with a finite thickness and infinite width substrate [5]—[8].

Coplanar transmission lines are used extensively in monolithic mi- The free-space capacitanCe is given by [9]
crowave integrated circuits (MMIC's) and integrated optical applica- = - K(kp) 1)
tions [1], [2]. An asymmetrical coplanar transmission line consists of a 0= K (ko)

narrow metal strip and a conductive plane grounded, which are plaggfere &, is shown in (2) at the bottom of the following page. In
on one side of the dielectric substrate and mutually separated byrder to obtain the capacitanca , the dielectric region in Fig. 1(a)
narrow slot. The advantage is the possibility of combination with othgy mapped into the lower half region, as shown in Fig. 1(b), by the
types of transmission lines such as a slot line, coplanar waveguide, gagobian elliptic function transformatian = sn((K(k)/w)z, k),
microstrip when used in filters, impedance matching networks, and gihere K (k) is the complete elliptic integral of the first kind of
rectional couplers. Inthe earlier years, coplanar strip lines (CPS’s) wef@dulusk, K(k)/K(E) = w/h,andk’ = /T — k2. For simplified
analyzed by assuming that the substrate is infinite [3], [4]. In receghiculation, the excellent approximate expressioné afe given by
years, people obtained the expressions for the quasi-TEM parameteg
for CPS’s on a substrate [5], [6] and multilayer substrates [7]-[10] of
finite thickness. The problem of a CPS with a substrate of finite thick- exp (rw/h) — 2 2
ness and finite width has not been solved up to now. k= {W}
Elliptical coplanar strip lines (ECPS’s), cylindrical coplanar strip ' o
lines (CCPS’s), and elliptical cone coplanar strip lines (ECCPS’s) can
be used as adapters and slot lines as well as antennas. Although ellip-
tical [11] and elliptical cone [12], [13] striplines and microstrip lines exp (wh/w) — 2 4
have been analyzed, the analyzes of ECPS’s and ECCPS's have not ¥ = - {m}
been reported to our knowledge. In [14] and [15] closed form expres-
sions for quasi-TEM parameters for CCPS’s were given. Both [14] a%e widthss, w1, andws are mapped;, w1, andws,, which can be
[15] treated the width of the substrate as infinite when the CCPS Wgressed as follows: ) ' '
mapped into the ACPS, while the width shouldXse In addition, there o
is an error in [15] as pointed out in this paper. s, =t = sn <M57 k:) (4a)
The objective of this paper is to solve the problems mentioned above. w
Assuming that the ACPS with a finite-boundary dielectric substrate of

Wi =ts —t = sn <%}I{)(s+wl), k) — sn <K<kk)s7 k)
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Fig. 2. ECPS. (a};-plane. (b)z.-plane.

(b)

Fig. 1. Geometry of ACPS and its conformal mapping. (a) Original ACPS on
z-plane. (b)t-plane.

Thus, the capacitangg, is given by

_1 KD
Cr = geoler 1>Ix”(k1) ®)
wherek; andk; are shown in (6), at the bottom of this page.
Therefore, the capacitance per unit length and the characteristic
impedance for the ACPS can be expressed as

K (k)
C=C C1 = eo%err
o+ C1 0Zetf K (ko)
1207 K (ko)
Z = . 7
0T e K(KL) )
The effective dielectric constants and the wavelength, of the
guided wave are given by (b)
cor =1+ er — 1 K (ko) K(k‘i) Fig. 3. ECCPS. (a) Geometry. (b) Cross section.
- 2 K(k)) K(k1)
A
A= (®)
Seff
where), is the wavelength in free space. axes areu1, az, by, andb:, respectively. The angles subtended by the
arc strip lines and the gap between the two strips at centét ate,
lIl. ECPSAND CCPS and2+, respectively. The relative dielectric constant of the substrate is
' £,. The dimensional relationship between the two ellipses is
For the cross section of an ECPS on theplane, shown in Fig. 2(a),
there are two confocal ellipses. Their semimajor axes and semiminor c= \/a? —bi= \/a§ — b3 9

(wy 4+ w2 + 25)s
wiws + (w1 + w2 + 2s)s + \/wf'wg + 2wy was(wy + wa + 2.5)

ko = 2

(wir + w2y + 25) s

ki = ———
wiewar + (wie + wor + 28¢) 8¢ + \/71th71th 4+ 2wipweoese (Wi + war + 284)
Ei=1/1-k (6)
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Fig. 4. The effective dielectric constant for ACPS changes= 2.5, wy =
ws). @) h/(s+ wy) =4.(0)s/(s+ w1) =0.3.

Using the transformatios, = — /22 — ¢?)/c [11], the structure

in Fig. 2(a) is mapped into the CCPS on theplane, as shown in

Fig. 2(b). Their radii are given by
a1 + b1

aq —b1

a2 b2 (10)
az — bg

Applying the following principle logarithm = j lu (z2/r2) 4+ (7 /2),

the structure is mapped into the ACPS on th@lane shown in
Fig. 1(a). Considering (9), the structure parametersws-, s, i, and
w for the ECPS are given as follows:

wy =01 wo =46 s=41 (11a)
72 as + b
h=Iln = =1In w = (11b)
71 ar + by
whena; = by = a,a2 = bo = b,i.e.,c = 0,hbecomed = In (b/a),

then (11) gives the structure parameters for the CCPS.

Inserting (11) into (7) and (8), we can obtain the quasi-TEM param-

eters for the ECPS and CCPS. By the way, the expressiohgs afd
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IV. ECCPS

Two infinitely long triangular arc strip lines with an elliptic cross sec-
tion are mounted on an elliptic conical substrate, as shown in Fig. 3(a).
The whole structure has two strip lines, the corresponding flare angles
61 andé., two extreme flare angles andé,, shaped by the inner and
exterior elliptical cone, the gap between the stilps and a relative
dielectric constant of,.. The cross section is shown in Fig. 3(b).

The scalar Helmholtz equation for spherical-TEM waves in a spher-
ical-conical coordinate system is given by [12] and [13]

g ou

1 - k2 cosz2 02 (/1 2
1— k3 cos 969( — k2 cos 969)
+4/1 — k'3 cos? p—a{; <g/ — k'Z cos? p—gi)——() (23)

where

e Jaor

U= (14)

u(b, ) oo = w\/ucoe,.

r
If 6, andé, are the flare angles of the focus lines of the inner and
outer elliptic cones, respectively, and they satisfy 63 tan 61
cos 4 tan 62, we then have [12]

ko = (1 4 tan® &, cos® 83)" /2
:(l—l—tan b2 cos? f4)” (1/2)

ky =4/1— k2. (15)
Taking the two transformationsy = F(4, k2) — K(k2),

B = F(p, k) — K(k5), where F(6, k) is the incomplete el-
liptic integral of the first kind of modulus-, (13) becomes

% 0%

da? 932 0- (16)

The structure in Fig. 3 is mapped into the ACPS on thalane, as
shown in Fig. 1(a). The structure parametets ws, s, h, andw are
given by

wi =F(+ 61, k) = F(0, k)

wy =F(¢ 402, ka) = F(U, k) (17a)
s = F(v, k)
h :F(94, I\'_)) bl F(eg, kz)
w=2K (k). (17b)

Using (7), (8), and (17), the quasi-TEM parameters for the ECCPS
are obtained.

V. NUMERICAL RESULTS

@ in [15], i.e., [15, egs. (11) and (12)], are wrong; they should be ex- To illustrate that the method is reasonable, we first make a compar-

pressed as (12), shown at the bottom of this page.

ison between the ACPS with infinite substrates [8] and finite substrates.

slnh (Qs) —sinh (Q(s + 2’LU1):| |:sinh (Qs) — sinh (Q(s + 2wz):|

ka =

.

sinh (Qs) + sinh (Q(s + 9LU1):| |:sinh (Qs) + sinh (Q(s + 2wg):|

(12)
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150 As examples, we give the numerical results for the characteristic
140 impedanceZ, for the ACPS with a finite-boundary substrate, ECPS,
gg CCPS, and ECCPS. Fig. 5(a) and (b) shaw and Z, for the ACPS
110 (e, = 10,w/h = 2,wy/h = 0.5) as a function of the asymmetry ratio

w, 1w, w1 Jwo for several values of/h. Figs. 6-8 give the changes 8§ for
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Fig. 5. The calculated results fer, andZ, for ACPS €, = 10, w/h = 2,

the ECPS, CCPS, and ECCPS via the structure parameters.

VI. CONCLUSIONS

The ACPS with a finite-boundary substrate is studied as the sub-

wy /h = 0.5). (a) Effective dielectric constant. (b) Characteristic impedance.stratum of this paper. The ECPS, CCPS, and ECCPS are rigorously

Fig. 6. Z, for ECPS and CCPS changes with/6, (¢.. = 2.5, 6, = 40°,
h = 1n 2).

2,
280
260
240
220
200

_ g0

Fig. 7. Z, for ECCPS changes with /6. (¢, = 10,6, = 25° 6, = 60°,
05 = 20°, 8, = 30°).

6,16,

transformed into the ACPS with a finite boundary substrate using the
conformal mapping method. The computer-aided-design (CAD) ori-
ented analytical closed-form expressions for quasi-TEM parameters
for the ACPS, ECPS, CCPS, and ECCPS are obtained. The formula-
tions are both accurate and simple for microwave circuit and antenna
designs. Various numerical results are given to show the reasonable-
ness of the method and results, and the dependence of the characteristic
impedance on the structure parameters.
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148-151, Feb. 1998. Fina | noise figure of the LNA used in the receiver
[16] W. Hilberg, “From approximations to exact relations for characteristic iy gate noise-current source of the transistor
impedance,lEEE Trans. Microwave Theory Teclvol. MTT-17, pp. i drain noise-current source of the transistor

259-265, May 1969.

tational symmetry and should be realized with some loss for stability
reasons. Active quasi-circulators on the other hand, do not pass the
signal from the receiver to the transmitter side and can be realized with
) o ) ) gain on transmit and receive.
Power and Noise Limitations of Active Circulators It is our intension to compare the performance of active three-way
circulators and active quasi-circulators for Tx/Rx applications. As ac-
tive quasi-circulators are realized with gain on receive and three-way
circulators are not, it is necessary to calculate the noise figure (NF) of
. . . the receiver. For simplicity, we assume that the NF of the receiver can
Abstract—in this paper, new simple formulas expressing the power and ) o . .
noise limitations for three three-way circulator architectures and three D& approximated by the contribution of the circulator and the low-noise
quasi-circulator architectures are derived. It is shown that the power-han- amplifier (LNA).
dling capability of the active three-way circulators is determined by the  The isolation between transmitter and receiver is assumed to be per-
required transconductance of the transistors in the circuit, while the noise ot Therefore. the transmitter will not influence the NF of the receiver.
is determined by the drain noise current source. The suitability of the T.h | ’t fth bol d in the derivati fth '
different active circulator architectures for transmit/receive applications e gxp ana 'On 0 . gsym OIS used In the erlya lon orthe P°_W9r
is investigated. We conclude that the quasi-circulators based on passive and noise properties, is given in Table I. Inthe following, the transmitter
isolation offer the highest performance. will always be located at port 1, the antenna at port 2, and the receiver
at port 3.

Geert Carchon and Bart Nauwelaers

Index Terms—Active circulator, MMIC, noise.

A. Active Three-Way Circulators

. INTRODUCTION We distinguish the architecture of Tanaka [2], the THRU-element

Circulators are important components in many microwave systegisculator [1], and the architecture of Katzin [4]. The lossless limit of
[1], e.g., for the separation of transmitted and received signals. THEgse architectures will be analyzed.
are usually fabricated with passive nonreciprocal ferrite materials. AnAS Will be shown below, the fulb... potential of the transistor is
alternative is to use the nonreciprocal behavior of transistors. Thédten notrequired in the design of active three-way circulators. In these
active circulators [1]-[8] offer the advantage of small size and weigHtases, an artificiaj.. reduction is obtained with a capacitor in series
low cost, and full compatibility with monolithic-microwave integrated With the gate since only a fraction of the input power appears over
circuit (MMIC) technology. However, they also introduce excess noidB€ gate—source junction. This will also increase the power handling
and limit the RF power-handling capability. capability as the gate—source voltage swing is the power-limiting factor.
In Section 1| new simple formulas expressing the power and noise 1) Principle of Tanaka : The architecture is given in Fig. 1(a). Ifthe
limitations of active three-way circulators and active quasi-circulatofeansistors are modeled wih. only, it was shown in [9] that a lossless
are derived. In Section 1, the suitability of the different architecturegalization matched to 30 requiresZp = Z = oo, g = 40mS, and
for transmit—receive (Tx/RxX) applications is investigated by comparirgc = 150 {2. The power can be limited by the maximum allovied
their power-to-noise ratios. andVgs swing.V;s is maximal over transistdf. , while V5, is maximal
over transistofl’s. The limiting voltages are theﬁi2 = 2/3Vi, and
VI3 = 2/3Vi,. If gTOF > gTers** we can put a capacitor in series
with the gate. If the impedance at port 1 is giveny, the maximum
We will make a distinction between active three-way circulators arglitput power is given by

active quasi-circulators [5]: active three-way circulators exhibit full ro- 5 TOR 5
Pons = <§ min{ o }) / 2. (1)
Manuscript received November 23, 1998. This work was supported by the
Flemish Institute for the Advancement of Scientific—Technological ResearchTihe gate and drain noise current sources of the transistor (represented
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Zrc gm=0.04A

@)

Fig. 2. Investigated quasi-circulators. (a) Architecture based on passive
isolation. (b) Phase cancellation concept of Cryan. (c) Divider/combiner
concept of Gasmi.

Fig. 1. Investigated three-way circulators. (a) Architecture of Tanaka. (b)
THRU-element circulator. (c) Principle of Katzin.
As Y159 andRe(Y{5™) = 0, we should definga, ¢) such that
Re(Y57Y) = 0. For the other transistor orientatidi! “" = 0, we
then seRe(Y51""V) = 0. For agiven loss, ¢ can now be calculated.
isolated from the receiver. After some calculations, we find that the Nff|ossless solution cannot be found, butas- 1, g,, — 1/75S. The

of the circulator is given by power-handling capability is then given by
- 2 50 Q 2 — 5 —_ TOR Y /max 2
— _ - — ; 2 ; p & Sk .‘,’ .
NF =1+ 2+ pop | S0P +1i,) + 2 Re (zdm} V)] P <mm{_9m E ;1,3;“}) /zzm. 6)
75

The term2/3 is due to the contribution ofrc. In a first approxima- NF is dominated by the drai . " fthet ist
tion, the gate noise current source and correlation can be neglectea—f?:n‘?h IS dominated by the drain noise current Source otthe transistors,
ey are directly located at the antenna and receiver ggprtdoes

they are much smaller thgi,|? [10]. We then obtain the followin ek
ove{all NE: dn.|* [10] 9 not influence the NF, while for a lossless realizatién, and;; have

. an identical noise contribution. If we again neglect the gate noise cur-
2 500 — . RIS
NF =1+ 3 4+ ————ia]?* + (Fina — 1). (3) rentsource and correlation (because they are much smallefithen

6kToB [10]), we obtain the following overall NF:
2) THRU-Element Circulator : The architecture consists of three .
identical building blocks (THRU elements) interconnected im\a NF =1+ 50 2 léal? <1 + L) + M 7)
shape [see Fig. 1(b)]. A transistor in parallel with a transmission line 4T B a? a?
is the THRU element. 3) Narrow-Band Circulator of Katzin :The architecture consists

To determine the power-handling capability of the circulator, the ref an inverting and a noninverting amplifier in parallel, together with
quired transconductance of the transistors has to be calculated. Thetde-90° transmission lines [see Fig. 1(c)]. For a transistor with infi-

sired S-matrix of the circulator(Sy,) is given in(4). The equivalent nite r1°%, it was shown that a lossless realization matched t6250
Y -matrix representation is referred to ¥s. requiresy,, = 20 mS andZ. = 50 Q2. For narrow-band operation, the
0 0 noninverting amplifier can be realized by cascading a common-source
Sp=|z 0 0. With 2 = ae’® ) transistor and a 180_ransm|SS|_o_n I|_ne._ _ . _
0 0 The power-handling capability is limited by,.** of the nonin-

verting amplifier. The dynamic load line of the noninverting ampli-
The circulator'sy”-matrix (Y7) can also be expressed in terms of théier is a vertical line since the receiver is isolated from the transmitter
Y -parameters of the THRU element. Equatlig with Y, gives the (Lg;:;‘:p*ﬂdp""‘f = 00r Zioaa = 0). Prmax IS, therefore, given by

following conditions:

TOR 2
n T 1-—4° Prax = | ming 22— V3™ Vii™* 2Zn. (8)
}rlHRL }r!HRLI — < {20 mS gs ) s
11 + Yoo 750(1—1—:03)
- THRU _ 222 The noise sources can be represented tandis
12 - 3 . .invertor .non-invertor
50(1;—7‘ ) 1 =1q ‘ +lg '
YtTHRU _ —2T Je — -non-invertor ~invcrtor' 9
2 50(1 + 23) ) AR tio ©
with Y;THRU — yTOR | yLine, ) Ifwe neglecti,""*"**" and the correlation, we obtain
. . " . . . 5000 —m—
For a lossless realization, the first condition is purely imaginary. For NF =1+ 420T 2B anontinvertor|2 4 (Fyna — 1). (10)
45Ty

the combination of a transistor with infinitet°® and a lossless line, .
it can be met by adding shunt stubs at the ports. The second and tfiha NF is dominated bsf;>"**** . Noise current sourcg does not
condition determine the transistogs and line properties. influence the NF of the circulator.
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B. Active Quasi-Circulators A. Active Three-Way Circulators

In this section, we distinguish quasi-circulators based on passivel he power-handling capability can be increased by choosing a tran-
isolation, the phase-cancellation concept of Cryan [8], and tisétor with a largew.. or, equivalently, a larger gatewidth. This can
divider/combiner concept [3]. be done as long as the output power is not limited/ Y. The NF

1) Quasi-Circulator Based on Passive Isolatiork passive device is each time determined Hy,|?. The power-handling capability and
(e.g., a Wilkinson, etc.) is used to provide the isolation between trariise performance cannot be optimized separately, as both parameters
mitter and receiver. The architecture based on a Wilkinson dividerage related by
given in Fig. 2(a).

The power-handling capability and NF are given by E =4kT g P a7
Paax = (VaZ™)? /4 Zope (11) o .
where P is a dimensionless parameter within the range of 1-3, de-
and pending upon the technological parameters and biasing conditions [10].
Both ¢,, andlis|? linearly scale as a function of gatewidth. The
NF = 2F x4, (12) power-to-noise ratio, therefore, improves by choosing a larger tran-

sistor up to a point where the power is limited By, **.

2) Phase-Cancellation Concept of CryanThe output power of /S & practical example, we take the following parametefs.™ =

smax TOR _ x . .
this architecture is limited by2* of transistorT5 [see Fig. 2(b)]. A 0-3 Vs Vas™™ =3V, g "= = 50 mS, andiq = 34pr_(typ|c?I Va“:]es
series capacitor can be used to increase the power handling capabf 2x 60um transistor, biased at 50%.. andVa. = 3 V from the

but this reduces the gain on receive. The maximum output powerH 0 process of GEC-Marconi,.CasweII, UK) [12].
given by The maximum power handling capability is then 23 dBm for the

concept of Tanaka, 19.5 dBm for the THRU-element circulator and
s 2 19.5 dBm for the concept of Katzin. lFixa = 3 dB, the corre-
Prax = (Vgs ' ) /2 Zin. 13) sponding overall NF becomes, respectively, 13, 12.9, and 11.8 dB. This
) givesPr.x/NF = 10,6.5, and7.7 dBm. If the same output power was
If we neglect the influence of;> (small compared to;') andi;*,  delivered by the (medium power amplifier (MPA) in the Wilkinson-

iy * (the signal has already been amplified), the NF is given by based quasi-circulator, we would get 14, 10.5, and 10.5 dBm, respec-
NF =14 202 5y (Fa — 1 14 tively.
NE=14 T,B * + (Fixa = 1). 14) Thus, we conclude that the lossless realization of the active

three-way circulators does not compensate for the larger NF and that

overall performance is inferior to a Wilkinson-based quasi-circu-
or. In practice, the lossless realization will not be possible due to
e finiterqs, such that the overall performance will be even worse.

3) Divider/Combiner ConceptMany divider/combiner combi-
nations are possible (in-phase, out-of-phase, passive, active) [5]—'5I
Only the combination presented in [7] is analyzed [see Fig. 2(c)]. F
all other divider—combiner combinations found in literature, either '[ht
output power is very low or the noise of the HPA affects the NF of the
receiver. This architecture consists of a passive in-phase divider @hdPhase-Cancellation Concept of Cryan

an active out-of-phase combiner. The output power is very limited 4§3** < Vi**. The NF is large

Half of the output power of tranglstdfl IS 'd|§5|pated in the 59} asitis determined bi/ ' . Itis, therefore, not very well suited for Tx/Rx
dummy load. The output power is also limited by the maximury

. ; ) - lications.
drain—source voltage swing of the out-of-phase combiner (transstt?#)
T2). This is given by

s C. Divider/Combiner Concept of Gasmi
Rnax = ( '/tis ‘ ) /2 : Zin- (15)

The Wilkinson-based quasi-circulator and the divider/combiner
TransistorT’1 does not contribute to the NF if perfect isolation is asconcept dissipate half of the output power. The output power of
sumed [7]. If the transistors are modeled with thgir only, the NF  the Wilkinson-based quasi-circulator can be increased by using

becomes power-combining networks at the transmitter side. This cannot
50Q [ o, lia? 4Re{itid) be done for the divider/combiner concept, as the power is limited
NF =1+ — ¢lir]* + 4[ig]* + = — = by the maximum drain-source voltage swing of the combiner.
4]'/tI‘O (ngc) ngc " . . . .
Additionally, to improve the NF, transistdf2 is usually biased at

(16)
The noise contribution of the dummy load is 3 dB. Anideal noise mat
cannot be guaranteed with this simple architecture. This can be i
proved by adding additional matching elements, hereby complicati
the architecture.

Jae < Vpreakdown 19 “hereby further limiting the maximum output
ower (this is, e.g., the case for InP technologies, whate= 1V is
Fﬁ{ical for low-noise biasing). The Wilkinson-based quasi-circulator,
refore, has a higher maximum output power.

For equal output powers, the possible gain of the divider/combiner
concept has to come from an improved NF. This is, however, not ob-
vious as itis not possible to bias transisitr at low drain—source volt-

11l. DISCUSSION ages if a large output power is required. In practice, part of the input
power will leak to the HPA, which further lowers the gain on receive

Using the above derived formulas, the suitability of the different ciand increases the NF. Additionally, transistors with only one source
culator architectures for Tx/Rx applications can be investigated. Thennection are to be used for layout purposes. This incréabgs.
ratio Prax /NF.cceiver Will be used as comparison criterion [11]. Eachand decreases the associated gain of the transistors. Finally, an optimal
type will be compared with the Wilkinson-based quasi-circulator, a®ise match cannot be guaranteed with the architecture in Fig. 2(c).
this is the best performance that can be achieved by using a passiva tes latter can be seenin [7], wher&& = 5.3 dB with 4 dB gain was
ciprocal device to provide the necessary Tx/Rx isolation. simulated at 4 GHz (for this transistdd,6) predictsNF = 5 dB). If
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this transistor N Frin = 1 dB with 11.6 dB associated gain) was used Analysis of Elliptical Waveguides by
in a Wilkinson-based quasi-circulator, an ovefsf = 4 dB seems Differential Quadrature Method
possible.

From the previous considerations, we conclude that the overall
power-to-noise performance of the Wilkinson-based quasi-circulator C. Shu

is superior to the divider/combiner concept.

Abstract—A new approach for elliptical waveguide analysis is presented
in this paper. This approach applies the global method of a differential
Simple formulas expressing the power and noise limitations f@adrature (DQ) to discretize the Helmholtz equation and then reduces it

three three-way and three quasi-circulator architectures are derive({{“ﬂ an eigenvalue equation system. All the cutoff wavelengths from low-
Y q 0 high-order modes can be simultaneously obtained from the eigenvalues

is shown that the power-handling capability of the active three-wayhe equation system. The present solver is general, which can be applied
circulators is determined by the requirgg, of the transistors in to elliptical waveguides with arbitrary ellipticity. It is demonstrated in this
the circuit while the noise is determined by the drain noise currepaper thatthe DQ results are in excellent agreement with theoretical values
source. We conclude that active three-way circulators are not #fgnd justa few grid points and, thus, requiring very small computational
optimal choice for Tx/Rx applications because the theoretical Iossleesém'

realization does not compensate for the rather large NF. The bednhdex Terms—Eigenvalues, elliptical waveguides, generalized differential
architectures are the divider/combiner concept of Gasmi and tfigadrature, global method, waveguide analysis, wavelength.

Wilkinson-based quasi-circulator, with preference for the latter.

IV. CONCLUSION
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with high efficiency. This paper will show the detailed implementation
and application of the DQ method in the elliptical waveguide analysis.

1. DQ METHOD

For simplicity, the one-dimensional problem is chosen to demonstrate
the DQ method. Following the idea of an integral quadrature, it is as-
sumed that any derivative at a grid point is approximated by a linear
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summation of all the functional values in the whole computational do-

me}in. For example,_the first- and second-order derivative¥ of at a bij = ai; [2%_ _ (:fgmi — r;] 1 when;j # i (8a)
pointz; are approximated by 2
J\?
N bis = — Z l)i]' (8b)
fa(‘r7) = Z i f(I7), fori: 172“"7[\/77 (1) J=Lg#e
j=1 where
N
F(z;) = H sin(z; — x1./2).
N k=1,k#i
‘r,a:-/i = bl ‘,,', fOI’ZZI.Q,"'yVﬂ 2 . . . . .
Fru(wi) ; ARACER ! ' ‘ ) Equations (7) and (8) are based on the Fourier series expansion, which

can be noticed as the Fourier differential quadrature (FDQ) approach.
where N is the number of grid points, and, b;; are the weighting Itis indicated that (4) and (5) and (7) and (8) are derived from the anal-
coefficients, f...f.. represent the first- and second-order derivativesis of a linear vector space. For details, see [7] and [8]. Itis also noted
of the functionf (). The determination of weighting coefficients; ~ that PDQ and FDQ use the same formulations to discretize the deriva-
andb;; depends on how to approximate the functjti). It has been tives. The difference of these two approaches is on the computation
shown by Shu [7] that wherf(«) is approximated by a high-order Of weighting coefficients. When (7) and (8) are applied to a periodic

polynomial with the form problem, the periodic condition is automatically satisfied in the FDQ
discretization. Thus, the implementation of periodic condition is not
N needed in the FDQ approach.
flx) = Z cp -t 3)
k=1 [ll. GOVERNING EQUATIONS AND NUMERICAL ALGORITHMS

wherec;, are constants, the weighting coefficients andb;; can be Electromagnetic waves propagating in the elliptical waveguide are
computed by the following explicit formulations: the combination of the TM and TE waves. For the TM waves, the lon-
gitudinal components of the waves ale = 0, E. = ¢, while for

o P(x;) L the TE wavesH. = ¢ andE. = 0. Here,¢ is the general solution of
T e = xy) - Play) forj # (4a) following Helmholtz equation:
N 2 2
Vo4 kio=0 9)
ai=— Y, ay (4b) . ) .
Py whereV*~ is the Laplacian operator given by
bij =2 L forj #i 5 w2 + - (10)
ij = 2045 | Aqq — T — 7, 9 Orj 76 ? ( a) - al,z 81/2
N andk. is the cutoff wavenumber. The TE waves satisfy the Neumann
bii = — Z bij (5b)  boundary condition as follows:
J=1,5#i ) :
fol =2l —y (11)
where _ Ton 1 lap o
while the TM waves meet the Dirichlet boundary condition
N dlop = E-|lap =0 (12)
P(ay) = H (e — xj). whered D is the boundary of elliptical waveguide cross section, which
J=1,j#k can be given by the following equation:
2 2
Since (4) and (5) are based on the polynomial approximation, for sim- (x/a)” + (y/b)" = 1. (13)

plicity, they are noted as the polynomial differential quadrature (PDChlere,a andb are semimajor and semiminor axes, respectively.

For some problems, especially those with periodic behaviors, thelLike the classical finite-difference methods, the DQ approach re-
polynomial approximation may not be the best fitting. In contrast, thguires the computational domain to be rectangular. To meet this, we
Fourier series expansion can provide more accurate results. It has besnuse the following transformation:

shown by Shu and Chew [8] that wh¢(ir) is approximated by a trun- x=ar-cosé
cated Fourier series expansion with the form { y = br - sin 6. (14)
N2 With (14), the computational domain becomes a rectangle fvith
Fla) = co+ Z (cx cos kz + dy sin kz) © <1,0 <6 < 2x. Itis noted that the boundary of the elliptical cross

section is now represented by= 1.r = 0 represents the center of the
cross section.

wherec;, d;. are constants, the weighting coefficients, b;; can be  With (14), (9) can be transformed accordingly into

k=1

computed by 0’6 B 9% C 0% C 96 B 0¢ o,
1 . TR R TR M T
aij =5 (‘“/)L,v ———»  Wwhenj #i (7a) (15)
F(x;) - sin % whered = A\ - sin?f 4 cos? 6, B = (\? — 1)sin28,C = \* .
N cos? # +sin® 8, A = a/b. Equation (15) will be used to determine the
;= — Z aij (7b) Wwavenumbef:.. For the TM waves, the boundary conditionrat 1 is

Pl ST the same as given by (12), i.e..= 0 atr = 1. For the TE waves, the
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Neumann condition given by (11) can be written in(thé) coordinate TABLE |
system as NORMALIZED CUTOFF WAVELENGVTHS OF
FIRST NINE TM MODES (e = 0.1)
Ag—? + g g—(’; =0, atr = 1. (16) Modes | Analytical DQ Results
5]
In addition, (15) needs a boundary conditionrat= 0. This can be 11x7 157 18x7 21x7 18x5
given from the consistent condition of (15)at= 0, which can be ™, 2.6062 26062 | 26062 | 26062 | 26062 | 2.6062
written as ™, 1.6377 16379 | 16378 | 16377 | 1.6377 | 1.6377
96 ™, 1.6336 16338 | 1.6337 | 1.6336 | 1.6336 | 1.6336
— =0, atr = 0. a7 ™, 1.2204 12204 | 12204 | 12204 | 12204 | 1.2204
or T™; 1.2204 12204 | 12204 | 12204 | 1.2204 | 1.2204
Equation (17) will be applied to both the TM and TE waves. Inthe T™, 1.1353 11353 | 11353 | 11353 | 1.1353 | 1.1353
direction, the periodic condition is applied. ™, 0.9823 0.9823 | 09823 | 09823 | 0.9823 -
In this study, the derivatives in the-direction are discretized by TMy 0.9823 09823 | 09823 | 09823 | 09823 -
the PDQ approach while the derivatives in thdirection are approxi- ™, 0.8945 08946 | 0.8945 | 0.8945 | 0.8945 | 0.8945

mated by the FDQ approach. Itis supposed that ther&aged points
in the r-direction andM grid points in thef-direction. Using the DQ

method, (15) can be discretized at a mesh pointd; ) as TABLE I o
NORMALIZED CUTOFF WAVELENGTHS OFFIRST NINE TM MODES(@ = U.Q)

N
Z <A]’bi7k + gai’k> . 65/@,]' Modes Analytical DQ Results
=1 T 5]
B M ‘ 9x19 | 13x19 | 14x19 | 17x19 | 14x17
+ r_j ) Z Z @ikl " Tj k2 * QK1 k2 ™ 1.4906 14906 | 14906 | 1.4906 | 14906 | 1.4906
©ok1=1 k2=1 ™, 1.1607 11610 | 1.1608 | 1.1607 | 1.1607 | 1.1607
O B; . ™, 0.9375 09375 | 09375 | 09375 | 09375 | 09375
+ Z <1_’Jb” B 1_’]6’ L) Gt akioi =0 (18) ™, 0.8093 08096 | 0.8094 | 0.8093 | 08093 | 0.8093
k=t 0t ' ™, 07803 | 07804 | 07803 | 0.7803 | 0.7803 | 0.7803
where ai’k’b"”? are the weighting coefficients of the derivatives Ty, 0.7083 07083 | 0.7083 | 0.7083 | 0.7083 | 0.7083
9¢/0r.9¢/0r* computed by (4) and (5) whila, .b; x are the T, 0.6651 06651 | 06651 | 0.6651 | 06651 | 06651
weighting coefficients of the derivativess /96, 9% ¢/96*, computed ™, 0.6262 06262 | o626z | 06262 | 06262 | 06262
by (7) and (8). Itis indicated that (18) has to be applied at the interiol “7a, 0.5780 05786 | 05780 | 05780 | 05780 | 05778
points2 < i < N — 1,1 < j < M. Similarly, the derivatives in
the boundary conditions can be discretized by the DQ method. In the
#-direction, no numerical condition is implemented since the periodic TABLE 1l
condition is automatically satisfied in the FDQ discretization. It isNORMALIZED CUTOFFWAVELENGTHS OFFIRST NINE TE MODES(e = 0.1)
supposed that the function values at interior points are represente wodes | Analytical DO Resuits
by a vector{¢}, and the remaining function values at the boundary [51
points are denoted by a vectpp s }. With these definitions, equation 9x9 11x9 12x9 31x9 12x7
system (18) can be written as the following matrix form: TE, 34119 33913 | 3.3985 | 34233 | 34104 | 3.4233
) i AT I — 02, TE, 3.3962 33757 | 3.3829 | 3.4075 | 3.3947 | 3.4075
A H@] {on} +1Au]-{or} = @7 {or) (19) TE, 20521 | 20521 | 20521 | 20521 | 20521 | 2.0521
whereQ* = ¢*k?2. Similarly, the discretized boundary conditions can 7, 20520 20520 | 20520 | 20520 | 20520 | 20520
be put in the following matrix form: TE; 16356 | 1.6356 | 1.6356 | 16356 | 16356 | 16356
[Asg]-{oB} +[AB1]- {61} = 0. (20) TE 1.4918 14918 | 14918 | 14918 | 14918 | 14918
- . . . . TE, 1.4918 14918 | 14918 | 14918 | 14918 | 14918
Substituting (20) into (19) gives the eigenvalue equation system as TE, 11786 11806 | 10792 | 11786 | 11786 | 11756
{[A”] —[ArB] - [14138]_1 . [Am]} Ao} = 02. {61}, (21) TE, 1.1786 1.1786 | 11786 | 11786 | 1.1786 [ 1.1724
Once the eigenvalue of above systémis computed, the cutoff
wavenumbetl. can easily be obtained. analytical solution for two eccentricities. Tablesllshow the normal-
ized wavelengths of the first nine TM modes for eccentricity of 0.1, 0.9
IV. RESULTS AND DISCUSSION while Tables IIHV list the normalized wavelengths of the first nine TE

) ) ) ) . modes for eccentricity of 0.1, 0.9. Also included in these tables are the
~ Asshown in [7], the use of nonuniform mesh in the PDQ discretizap 5y tical solutions given by Zhang and Shen [5]. It is noted that for
tion would give a more stable numerical solution. Thus, the following,.h table. five mesh sizes are used to obtain the DQ results. It can

nonuniform mesh is used in thedirection [7]: be observed from the tables that for both the TM and TE modes, the
= 1 {1 — cos < i—1 W)} . i=1.92.... N. (22) convergence of the DQ results is very obvious. When the mesh size is

2 N-1 T slightly increased, the accuracy of the DQ results is greatly improved.

The use of FDQ approach in thedirection requires the following uni- It can also be seen from the tables that the convergence of the DQ re-
form mesh: sults for the TM modes is faster than that for the TE modes. In other
6, = Jj— 1%’ =120 M. (23) words, to obtain a grid-independent DQ result, the TM modes require

M less mesh points than the TE modes.
To validate the efficiency of the DQ method, the normalized cutoff Table | shows that when(eccentricity)= 0.1, the normalized cutoff
wavelength defined by. = 2x/k. is computed and compared withwavelengths of the first nine TM modes computed by the DQ method
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TABLE IV
NORMALIZED CUTOFF WAVELENGTHS OFFIRST NINE TE MODES(e = 0.9)

of some modes are lost in the computation. Thus, it is believed that the
use of Neumann condition at= 0 is more reasonable.
Since an accurate DQ solution can be obtained by using very coarse

Modes Analytical DQ Results h A .
5] mesh, the required computational effort is extremely small. All the re-
9x19 13x19 15%19 31x19 15x17 sults shown in TablesHV are obtained by running the program on
TE, 33482 33168 | 3.3340 | 33378 | 33459 | 33378 an IBM compatible PC Pentium 75. For all the results shown in Ta-
TE, 1.8287 1.8287 1.8287 1.8287 1.8287 1.8287 bles HV, the run time for each case is less than 2 min.
TE, 1.5650 15574 | 15615 | 15624 | 15644 | 1.5624
TE, 1.2654 12687 | 12668 | 12664 | 12656 [ 1.2664 V. CONCLUSIONS
TE, . . . .
TE5 (1).2322 ;'zzzi :)iizz ;‘zﬁz ézizi ;‘zzzz In this paper, a new approach is proposed for elliptical waveguide
: - - - - - - analysis. The present approach discretizes the Helmholtz equation by
TE, 0.9698 0.9698 | 0.9698 | 0.9698 | 09698 | 0.9698 . )
the global method of the DQ and then reduces it to a standard eigen-
TE, 0.8340 0.8340 | 0.8340 | 0.8340 | 0.8340 | 0.8342 .
value equation system. All the cutoff wavelengths can be computed
TE, 0.8177 08177 | 08177 | 08177 | 0.8177 | 08177

simultaneously by a standard eigenvalue solver. The present solver is
general, which can be applied to elliptical waveguides with arbitrary
eccentricity. It was found that accurate numerical results can be ob-
tained by the DQ method using a considerably small number of grid
points. As a consequence, very small computational effort and virtual
need seven grid points in tifedirection and 18 grid points in thedi-  storage are needed. For all the results shown in Tablés the run
rection to match the analytical solution up to four decimal digits. Whegime of the DQ results for a given eccentricity is less than 2 min on an
the number of grid points is above seven indkhgirection and 18 inthe |BM compatible PC Pentium 75. It was also found that the Neumann
r-direction, the DQ results are independent of mesh size. Thug, 1&ondition imposed at the center of the cross section is more reasonable
7 is a minimum mesh size for a grid-independent solution of this casgan the Dirichlet condition. In summation, it can be concluded that the

although reasonable numerical solution can be provided by a smalig) is a very efficient method for elliptical waveguide analysis.
mesh size of 1k 7. Itis very interesting to see from Table | that when

the number of grid points in thedirection is less than 18, the accuracy
of most cutoff wavelengths is reduced. However, when the number of hu. “El ) in ellintic holl . ¢ "
grid points in thef-direction is less than seven, the accuracy of com- (1 '/KPJIC;ICP#ﬁ/SEvgftrgorgagggt'i&%ves in elliptic hollow pipes of metdl,
puted cutoff wavelengths does not change, but some modes are 10$$] ;G Kretzschmar, “Wave propagation in the hollow conducting ellip-
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Time-Domain Modeling of High-Speed Interconnects by  equations describing transmission lines [9], [10]. The main idea of the
Modified Method of Characteristics MC is to transform the original partial differential equations into or-
dinary differential equations along the characteristic lines. It is well
Qinwei Xu, Zheng-Fan Li, Pinaki Mazumder, and Jun-Fa Mao established that the MC can deal with a lossless transmission line very
accurately. Also, if the transmission lines have the propeéy= RC,
] o which are called undistorted lines, the solutions of the Telegrapher’s
Abstract—in this paper, a new model of lossy transmission lines is pre- o ations can be obtained analytically. In both cases, the MC enables
sented for the time-domain simulation of high-speed interconnects. This ~." """ . e . i, .
model is based on the modified method of characteristics (MMC). The char- Circuit simulation to be very efficient, with the quantities at transmis-
acteristic functions are first approximated by applying lower order Taylor ~ sion-line ends related by closed-form formulas. In such cases, the ter-
series in the frequency domain, and then a set of simple recursive formulas minal voltages and currents of the transmission line can be determined
are obtained in the time domain. The formulas, which involve tracking per-  yacyrsively in the time domain. However, if transmission lines are lossy

formance between two ends of a transmission line, are similar to those de- . .
rived by the method of characteristics for lossless and undistorted lossy andLG # RC, the results cannot be derived analytically. In that event,

transmission lines. The algorithm, based on the proposed MMC model, can the equations should be solved numerically; the voltage and current to
efficiently evaluate transient responses of high-speed interconnects. It only be computed are not limited to the two ends of the line, but various

uses the quantities at two ends of the lines, requiring less computation time points along the line must be sampled for numerical computation [11].

and less memory space than required by other methods. Examples indicate However. if the transmission lines are undistorted. I&. = RC

that the new method is having high accuracy and is very efficient for the . , . . .
time-domain simulation of interconnects in high-speed integrated circuits. M€ Solutions of the Telegrapher’s equations can be obtained analyti-

cally in the time domain by the MC. Based on the analytical solution, a
new algorithm named the modified method of characteristics (MMC)
is presented in this paper. This method deals with lossy transmission
lines with LG # RC'. Lower order Taylor series is at first employed

|. INTRODUCTION to approximate the characteristics function in the frequency domain,
. . _— ,_and then the inverse Laplace transform results in a set of recursive for-
In modern high-speed VLSI chips and multichip modules (MCM S?t’nulas, which describe the time-domain model of the transmission line.

interconnects play an increasingly important role. Due to the rapid “Phe recursive formulas have the form similar to those derived by MC

crease |n.operat|ng Spe.ed and d‘f’”‘?f”‘se n fea.ture sizes, the elec ?%ssless or undistorted lossy transmission lines. As only the quanti-
Iength of mtercc_)nne(_:ts IShow a S|g_n|f|cant fraction of the wavelen_g at the ends of the lines are needed for the computation, and neither
of signals. At high signal speeds, interconnect effects such as S'g}gfﬁr nor convolution is employed, this method is expected to reduce

delay, reflection, dispersion, and CrOSSFalk may de.terlgra.te. the systt?]rg computation time as well as save the memory storage space.
performance and even cause malfunction of the circuits if improperly

designed [1]. Consequently, modeling of a distributed transmission line
is very important for the design of a reliable high-speed integrated cir- Il. MC FOR TRANSMISSIONLINE WITH LG = RC
cuit (IC) system and accurate estimation of the system performance.

As the lossy transmission lines are traditionally modeled and ana-At first, we deal with single transmission line for simplicity. LBt
lyzed in the frequency domain, well-known methods, such as the cdn-C, andG be the resistance, inductance, capacitance, and conduc-
volution technique and the fast Fourier transform (FFT), have betance per unit length (PUL). The Telegrapher’s equations in the time
widely used [2], [3]. These approaches have a major difficulty when tidwmain are
analysis has to span a large time interval. Asymptotic waveform evalu-
ation (AWE) [4]-[6], a moment-matching process using Padé approx- 9 o . )
imation, has been shown to be an efficient technique for obtaining the apt@ )= —Loi(e. t) - Ri(x, 1) (1a)
approximate transient response of linear networks. However, the mo-
ment-matching process can lead to instability due to critical properties
of Padé approximations, which means that it may generate right half-
plane poles, albeit the systems handled are stable. Recently, the Padé o . d
moment-matching methods have been further augmented to avoid the %l(‘”’ t)= —Cov
instability [7], [8]. In the literature [7], @ multipoint moment-matching
technique, called complex frequency hopping (CFH), provides a newT he transmission line stretches from Qito the z-direction, where
method of generating the exact poles of a linear network containidgs the length of the linev(x, ¢) is the voltage at point at timet;
distributed and lumped elements. As a result, the instability propertigg, t) is the current at point at timet.
of Padé approximations are bypassed and no unstable right half-planket
poles are generated.

The method of characteristics (MC) is very efficient for the solution E=a+ t/'\/L_C and n==z—1t/ VLC.
of hyperbolic partial differential equations such as the Telegrapher’s

The Telegrapher's equations in (1a) and (1b) can be transformed into
the following form:

Index Terms—interconnects, modeling, modified method of characteris-
tics, recursive calculation, transient simulation, transmission line.

(z, t) — Gu(z, t). (1b)
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an Office of Naval Research Grant under a subcontract from Hughes ResearchTUT”(”7v t) — Zo T"’(mv t)=— 3 <GZO7’('Ts t) — Ri(x, t))
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P. Mazumder is with the Department of Electrical Engineering, The Univer- . L .
sity of Michigan at Ann Arbor, Ann Arbor, M| 48109-2122 USA. whereZ, = /L/C is thecharacteristic impedancef the transmis-
Publisher Item Identifier S 0018-9480(00)00860-7. sion line. If the transmission line isssles{R = 0 andG = 0) or

0018-9480/00$10.00 © 2000 IEEE
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if it is undistorted ling(LG' = RC'), there exist the following simple where
recursive solutions:

(0, t)— Zoi(0, t)ze—("%"’<u(d,f—r)—zoi(d,t—r)) (2a) S {d" \/H—u} . ®)

B m dur u=0
o(d, )+ Zoi(d, t) = c_(;ZO”'(v(O, t—1)+ Zoi (0, 7‘,—7')) (2b) As (4) can also be represented by the form= L(s + 3)Yo, by
substituting (7) in to it, we obtain
wherer = d+/LC' is the delay time. In (2), by adding the boundary

conditions and selecting a proper time step, the responses in the time v =Yoo L(s + () Z et
domain can be obtained through recursive computation. n=0
In such cases, the voltages and currents at two ends of the line are R . = n
given by simple closed-form equations. However, for general lossy =sVLC+ Yoo L + Yoo L(s + ) 2 entl ©)

transmission lineswith G # RC', the simple relations no longer exist,
but, a set of closed relations between the terminal responses can sti

“ABgording to (7) and (9), (3) becomes
obtained by means of appropriate approximation. .-

V(0, $)Yoo ¥ cnu” = I(0, 5)

n=0
I1l. NEw MODEL UsSING MMC oo
= |V(d, s)Y. cou’ — I(d, TQ(s 10a
Assuming that the initial conditions are all zeros, there exist the fol- (d, 5)Yoo ; et (d,5)| 77 Qs)  (109)
lowing well-known relations for the general lossy transmission line in
the frequency domain: V(d. 5)Yo Z ot + I(d. )
YoV (0, s) = I(0, s) = |:Y0V(d, s) —1I(d, 5):| e 7! (3a) n=0
= |:V(0, 5)Yoo Z cnu” + 1(0, s):| e *TQ(s) (10b)
n=0
YoV(d, s) +1(d, s) = { oV (0, s) + I(0, s)}e’ rd (3b) where
Q(s) =exp | =d | Yoo LB+ Yoo L(s+3) > cau™ | | (11)
whereV (0, s) andI (0, s) denote the Laplace-domain voltage and cur- e
rent at the near end of transmission line, respectivelylafi] s) and |et
I(d, s) are the counterparts at the far end. The term 10, 5) = V(0, 5)Yoou (12a)
v=9(s) = V(sL+ R)(sC + G) @
is thepropagation constant@and N(d, 5) = V(d, $)Yaou (12b)
Yy = Yo(s) = /(sC+ G)/(sL+ R) (5)
is thecharacteristic admittancef the line. » N T VL g
For lossless lines witlk = G = 0, it may be observed that, = Li1(0, 5) = V{0, 5)Yoou""" = L;(0, 5)u (132)
/C/Landy = s/ LC, and for undistorted lines withG = RC, the
propagation constantis given by= s LC +GZo, while the charac- 1., ,(d, s) = V(d, s)Yoou’™" = I,(d, s)u. j=1,2, ..
teristics admittance value remains the same as in the case of the lossless (13b)

lines. In either case, (3) can be directly transformed into (2) through the
inverse Laplace transformation. In the general cask®@f# RC, if If we take the firstV + 1 items in (7) and then take the inverse Laplace

we define the following terms: transform of (103{13), the following equations in the time domain can

0=G/C—R/L be obtained: .

B=R/L Yoou(0, t) — (0, t) + Z Cnin(0, 1)
and n=1

J\?
o = |:Y£)0'U(d, t—7)—i(d, t—7)+ Z cnin(d, t — T:):|
u = n=1
i £ L7(Q(s)) (144)

then it follows:

N
Yoou(d, #) +i(d, ) + Y enin(0, )

n=1

Yo = Yoo(l + u)'/? (6)

whereYse = 4/C/ L. Obviously,« is a measurement of the departure
from undistorted condition, and for an undistorted lines= (). Under

the definitions, (6) can be expanded into Maclaurin series in the fol-
lowing form: * L71(Q(s)) (14b)

oo

1/0 :}700 g cnun

n=0 (lYE)UL'((), f)
1,

v 1 2 1 3 n . (i .
—Soo<1+5u—gu + g’ e +) ™ = Bir(0, ) + i1(0, ) (15a)

N
Yoou(0, t —7)+i(0, ¢t —7) + Z cnin (0, t — Tk):|

n=1
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i(0.1) transmission line idi)

+

aYoov(d, t) W01) ) ‘e i

— gin(d, )+ Liva, 1) (15b) b 0 4 1

dt
)
C”".]' (O~ t) i(0,1) let ie2 i(d;t)
) d ) + +
= 31]4,_1 (0, t) + EZ]-H (0 t) (16&) W0,1) Y00¢ ¢ ¢ ¢ ¢ |_J‘]Y00 v(d,t)
ai;(d, t) = P4 (d, t) + %Zi]JH (d, t), j=1,2 -, N-1 Gi(0,t) cifd)

(16b) Fig. 1. Transmission line characteristics model.

whereL™'(Q(s)) is the inverse Laplace transform €X(s) and * is

the operator of convolution integration.

_ The above equations represent the solution of the MMC. In compar¢qations (18) and (19) represent the first-order approximation of

ison with the normal characteristic method for lossless and undistortgd nivic model. There is only one additional current tefrin the

conditions, the so-called additional current teffaslz, -+, Iv and - ¢5:mjas. The simplified model is illustrated in Fig. 1, where

i1, i2, - -+, iy are added in the formulas. However, the recursive rela-

tion of voltages and currents between two ends of the line still holds. 4., = {Ymv(d, t—1)—i(d,t —7)+cri(d, t — 7-)} Qo
Let us focus on how to get the itefri * (Q(s)). Q(s) is matched to

a Padé approximation with both the numerator polynomial and denom- iy = {YOUU(O, t—7)+i(0, t—7) +c1ir(0, t — ,,_)} Qo.

inator polynomial of the same degreei.e.,

s i s" P das+1 In the process of recursive operations, a queue of memory is needed
Q(s) = bos™ + by 15" L4 +bs+1 to store the previous voltage and current values, a}nd the data preceding
t — 7 can be deleted from the queue. In fact, high accuracy can be
=2 (14 Z _4i (17) obtained when the simplified macromodel is employed, thus the algo-
br - ST D rithm remains efficient for general uniform lossy transmission lines.
s0Q(s) can be transformed into the time domain [5]. Next, we show that the first-order model can satisfy the required

The complexity for direct computation of (14) is considerable beiccuracy. The errors of (18) and (19) occur due to the truncation error
cause of the convolution integration. It is also found that the singlef the Maclaurin series in (7). In the extreme case, whes: 0, the
point Padé approximation in (17) cannot guarantee the stability. Ho®ror of Yo, Err(Ys), is given by

ever, if we further simplify the approximation of (7), the instability will . o= N
be avoided, and the computation will be very efficient. Err(Yo) =Yoo ) cou
n=2
_Jc <_1 <L/L> 1 <L/L> )
IV. THE FIRST-ORDER APPROXIMATION OF THEMMC M ODEL L 8 \s+R/L 16 \s+ R/L

_ _ _ o S The PUL parameteré and C' usually vary within a small range,
If only the first two items are taken in (7), i.e¥, = 1, the simplified  and are determined by the material and geometry of transmission lines,
macromodel can be obtained, which is calledftrst-ordermodel. In  while R is generally determined by the size of the cross section of an

such a case, the only fixed polesis= — 3 and no right half-plane poles interconnection conductor. For any parametgErr(Ys) is related to
occur, while the process of (17) is bypassed. Accordingly, the followingie parameteR and

equations in the time domain are obtained:

lim Err(Ys) = 0.
Yoov (0, t) —i(0, t) + 191 (0, £) f=0
For lossless lines witlR = 0, we find thatErr(Y;) = 0. This case is
= |:Yom)((], t—7)—i(d,t—7)+cii1(d, t — T):|Q0 (18a) shown by (2).
a . . As the errors in (18) and (19) are owing to oflyr(Y5), it is shown
Yoou(d. #) +i(d. 1) + c1ir (0, #) that the smaller the value @ is, the less the value of the error will

= { 00v(0, t — 7) +i(0, £ — 7) + c11 (0, £ — T):|Qo (18b) oceur, i.e.Err(Yo) will be smaller. For interconnects on MCM's, the

typical value of characteristic impedanégg® = 1/Y; varies from
and 50-100¢2. Take Fig. 1 as an example. Let us assume that the left-
hand-side end of the transmission line is connected to a voltage source
- , d . having a source resistance of 8)and that a load resistance of Q0
Yoov(0, t) = B8i1(0, t) + —i1(0, t 19a : f . . .
Yaou (0, #) i1(0, ) dt“( ) (192) terminates the right end of the line. If the cross section of conductor is

25um x 8 um, and the resistivity of material is abopt= 2 x 10~*
Q-m, then the PUL parametdt is about 1002-m. Let us assume
d that the parameters of transmission line &re= 360 nH/m, C =
aYoou(d, t) = Bii(d, t) + 5 (d, t) (19b) 100 pF/m,d = 0.08 m, G = 0, and the value of? varies as 100,
' 200, 300, and 50Q/m, respectively. Let the applied voltage be a pulse
where having 0.5-ns rise and fall times and 3-ns width.
Fig. 2 shows the results of this method and those of the FFT method.
Fig. 2 shows that the results from this approach are in accordance with

Qo = exp | = YooLd(§} +a/2) . those from the FFT method whéehis not too large. The paramet&r
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Fig. 2. Results for various resistances. o010l
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Fig. 3. Example circuit. time(ns)

(b)

can vary to a large extent. For examplcan be as high as 36¥m,  Fig. 4. Results for example circuit. (a) Waveform.bf (b) Waveform ofB.
and the results of this method are still in accordance with those of the

FFT method. 000
For multiconductor coupled lines, the PUL parameter§’, R, and G=10 0 0
G become matrix parameters an@r, ) andi(z, t) are represented 0 0 0

by vectors gccordingly. As long as such Te_Iegrapher’s_equation ca_nﬁge applied voltage is a pulse of width 2 ns and amplitude 1 V having
decoupled intal/ modes, each of them is similar to a single transmis; ) 5 s rise/fall time. The results are shown in Fig. 4(a) and (b), along

sion line; therefore, they can be handled in similar manners. i, the results of the FFT. In Fig. 4(b), it can be seen that the FFT is
If L, C, R, andG are Toeplitz matrices, the method can dlrecthﬁot as accurate as the MMC in evaluating the delay time
apply to this case. There is another case to which the method can be '

applied easily. In this case, the dielectric media is homogeneous, and

R is a diagonal matrix, while all the elements of matéixare zero

[9]. In reality, this situation represents that of the MCM. The method In this paper, a new time-domain model of lossy transmission lines

has its own advantages, but it also has its limitations. The methochias been proposed using the MMC, and its first-order approximation

highly efficient only if the coupled lines can be decoupled. Otherwisbas been applied to simulate high-speed single and multiple intercon-

the numerical method of characteristic should be used [11]. nects in the time-domain. The proposed MMC model is based on the
classical MC, and it uses simple recursive algorithm. The algorithm of
the first-order approximation of the model reduces the computational

V. NUMERICAL RESULTS complexity of interconnect simulation. Taking the appropriate time

Let us assume that a circuit is composed of lossy-coupled transnﬁ:e-p’ the transient responses in the time domain can be obtained simply

sion line, as shown in Fig. 3. The length of the line is 0.1 m. Otherrou@Jh recursive operatlops..ln the MMC mgfjel, qnly the quantlpes
at two ends of the transmission lines are utilized in the calculation,
parameters are

thereby requiring considerably less storage area for the computation.

VI. CONCLUSIONS

4946 63.3 0 Since the MMC does not employ any convolution, the algorithm of the
L=]0633 4946 63.3 | nH/m simplified model retains high efficiency as well as that it guarantees
0 633 4946 absolute stability. Numerical experiments confirm that the model
[ 628 —-49 0 of first-order approximation can, in general, yield results with high
C=| -49 62.8 4.9 | pF/m accuracy.
| 0 —49 628
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