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Generalized-Scattering-Matrix Modeling
of Waveguide Circuits Using FDTD
Field Simulations

Tsugumichi ShibataMember, IEEE,and Tatsuo ItohLife Fellow, IEEE

Abstract— This paper presents a hybrid-analysis method with the generalized-scattering-matrix technique, especially in
for metal waveguide structures. The method is based on the the application of complex waveguide structures. However,
generalized-scattering-matrix approach. The whole structure is gy stamatic demonstrations on this topic have not been reported
divided into several components, each of which is characterized thus far. Th for this is that . t efficient
independently. Some components are analyzed using the us far. € reason Tor this '$ f"‘ a ”90“,’“5’ yete 'C'?n’
finite-difference time-domain (FDTD) method, while the others Method ofS-parameter calculation is not available for hybrid-
are characterized analytically. For the FDTD simulations, we mode problems in waveguide structures. Each component must
introduce a new technique for efficient and rigorous calculation be characterized accurately since an error, if any, may be
of the scattering parameters. This hybrid method inherits the 500 muylated and increased in the matrix calculation processes.
universality of the FDTD method and enables us to analyze | dditi th lculati ds to be efficient: oth .
larger and more complex structures using limited computer n adaiion, the calculation needs 1o be eificient, otherwise,
resources compared to the single FDTD analysis of a whole the usefulness of the whole approach decreases. To meet
structure. A few results are given as examples to illustrate the these requirements, we have proposed a new technique for
validity of the method. S-parameter calculation using the FDTD method [6], [7].

Index Terms—Finite-difference time-domain method, hybrid- In this paper, we will demonstrate the applicability of the
analysis method, generalized scattering matrix, waveguide circuit proposed technique to generalized-scattering-matrix analyses
analysis. of practical waveguide circuits. After reviewing the concept
of the generalized scattering matrix in Section Il, the new
technique is described in Section Ill. The technique is then
) ] o tested and verified numerically in Section IV, and finally,
T HE generalized scattering matrix introduced by the group ¢a,,, analysis examples are given in Section V to show

of Mittra [1], [2] is & convenient concept for solvinghe vajidity of the whole approach. Section VI offers some
separable waveguide structures. This concept is an eXtenSéBHcluding remarks.

of the ordinary scattering matrix used in circuit theory or mi-

crowave network theory, and is modified to take into account

evanescent as well as propagating modes. Consequently, the MODELING BY THE GENERALIZED SCATTERING MATRIX
obtained composite matrix is physically rigorous; it includes

all necessary interactions of higher order modes between theGeneralized Scattering Matrix

components. The synthesis can be carried out by simple matrit et ys briefly review the concept of the generalized scatter-
calculations provided that all matrices characterizing eaﬁﬁb matrix. The concept, when it was proposed, was closely
component of the structure are given. This paper describes fited to mode-matching techniques. The original objects
application of the generalized-scattering-matrix approach {toydeled by this matrix were the junction planes of uniform

analyses of waveguide structures, in which the finite-differengg,eguides [2]. Consider a junction of two waveguides. Fig. 1
time-domain (FDTD) method is demonstrated to be usable fistrates an example of an iris that consists of infinitesimally

characterizing each component. thin metal inserts in a rectangular waveguide. Now, assume
The time-domain methods are well known as powerfyhat only TE,,, modes(n = 1,2,3,---) exist for simplicity,
tools for three-dimensional full-wave field simulations, angpq suppose theth mode

have been found useful in many applications because of

their universality. Since it has already been demonstrated Eg(/i)(x’z’w) = ¢ (w)sin (ﬁx)e—%(w)z (1)
that the modal-expansion technique works well in the analy- a

ses of metal waveguide discontinuities [3]-[5], the timeg incident upon the junction plang: = 0) from region A.

domain methods should be used effectively in conjunctiofhe scattered field then occurs in both regienand B, which
can be expressed as follows:

I. INTRODUCTION
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Region C
s (++)] of discontinuity regiorC. I/S;Zn andif—;{n are the voltage
and current waves defined at the modal port ofsttie mode.
ol o #1S 0 #1 Cran anght#n are the trgnsverse—ﬂeld components of #ttle
| ] 2T [[Su] [512]} : mode eigenfunction, which are normalized by
ol e [S21] [S22 Ot

//|et#n|2 ds = / Ihegn|2dS = 1 )

respectively. The integrals in (7) are taken over the physical

Fig. 1. Aniris in a rectangular waveguide and the model of the iris obtained
by the generalized scattering matrix.

i 4 port and the sign oh;, is determined such that
EP(5,20) = 3 Bun(w)dfd (@)sin (") *
m=1
Crup = Ry X1, 8
-~ in region B. (3) i # ®
Using the expansion coefficients in (2) and (3), the scatterihglds for each wave, whewe. is an unit vector normal to the
matrices at the junction are defined as physical port oriented in the direction of wave propagation or
S 4 S _[B 4 evanescence. The nodal voltage and current when the waves
1 = A (@] S21 = [Ban(W)] - (4)  exist in both directions at the same time are given by
A component, which is a scalar complex function in the
conventional scattering matrix, becomes a submatrix of func- Vi un :;/f;zn + ;{;Zn 9)
tions that has infinite dimensions corresponding to an infinite 7 _l,(jr) ,~(—7) 10
number of modes in the generalized scattering matrix. The Ltn = gin — U gn (10)
junction plane is taken to be the reference plane in the original o ) )
definition. where the direction of the current is taken to be oriented toward

The concept of the generalized scattering matrix can Bytside the regior. The scattering matrix of regio6” may
extended further in a manner that has been done in circthen be defined using the voltage waves of all modal ports
theory or microwave network theory. Instead of taking th@S follows:
junction plane as a reference plane, a set of new reference +) )
planes (planes 1 and 2 in Fig. 1) may be taken such that the [[V%H]} - {[Sll] [312]} [["}_)]} (11)
junction comes between them. This extension enables us to [3"] [Sa1l  [S22] | L[]
deal with a wider class of discontinuities. For later conve-
nience, we call each reference plane a “physical” port anthere [I/i(_)] and [VEJ’)] are the column vectors of modal
suppose that a physical port is accompanied with an infiniéeltage waves at the physical parfi = 1 or 2), the fields
number of “modal” ports. The “voltag&™ and “current!” of which are propagating or become evanescent toward the
at each modal port may be defined in the following way. Fanside and outside of regio®, respectively.
instance, the field on the physical port 1 (reference plane 1)

may be expressed as B. Cascade Connection of Scattering Matrices
E® B = (+) The composite matrix of two cascaded scattering matrices
P&y w) = Z V1 (W)ergn (2, Y) (5 ¢an be obtained by the following matrix calculations. Consider
";1 a structure that can be separated into two parts. If both are
+ (£ i i i i i
H§ )(17 ¥, w) = ZL§ #)&n(w)ht#n(w,y) (6) described by the generalized scattering matrix, as shown in

Fig. 2, the whole structure may also be described using a

4 4 generalized scattering matrix as
whereE§ ) and H§ ) are the transverse components of the

(+) T 1[G (=)
electric and magnetic fields, which are propagating or become {[V%H]} - {Ell][ﬁ‘d} {["’%_)]} (12)
evanescent toward the inside [denoted(by] or outside [by [s"] [SallSaal | [y

n=1
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where the bar on the lette¥ denotes that it is a compositeof the waveguide modes defined at the ports then become
matrix. We introduce operatoe® to indicate the cascadefrequency-independent. Therefore, from (5) and (6), we get

connection. That is, ) i )
o E; " (z,y,t) = 12 (Bewsn(z, ) (18)
[S11][S14] | _ [[S11][S12] (533][S34] — 1.#n
[[541][544]} [[321][522]} ® {[543][544]} (13) o

i) Ohiga(zy) (19

tqu

i ite matri | H(z.y.1)
and the submatrices of the composite matrix are formally given t R4
>y () (£) .

4+ 4+ . .
[S11] = [S11] + [S12)[[] — [S33][S22]] ' [S33][S]  (14) W(i?revl #nl0) ?n)dLl anlh) are mverse Fourier tran.sforms °f
S1a] = [Suall] — [Sss][Sa]] [Ss4] (15) vy, (w) and 'Ll’#n(w), re_spectwely. These equations mean
P 12 331722 34 that the observed total field can be expressed by a linear
[Su1] =[S ][] - [Sa2][S33]] 7 [Sa1] (16) combination of the modal eigenfunctions at any moment.
Consequently, one can find the time-domain modal voltage
and current at any FDTD time step from the observed field dis-
[Saa] = [Sa3][[I] — [S22][S33]]*[S22][S34] + [Ss4]. (17) tribution on the physical port using the orthogonality between
the modes, and can eventually calculate the frequency-domain

For practical computations, these submatrices must be tryfndal voltage and current using fast Fourier transform (FFT).
cated to finite sizes. However, a considerably accurate result

can be obtained by truncating the infinite matrices to a reas@- New Method

ably small size in many cases. Here, we considered parts th%\/h | i EDTD lati i
were cascaded by physical ports. Extension of the operation en we analyze a circuit using simulations, |
necessary to terminate the circuit ports by an appropriate

to include parts that have multiports is straightforward. . . . .
can also use these results for deembedding the terminatioanBPd't'on' The absorbing boundary condition (ABC), which

a physical port, or even for a particular modal port of a pammlmaes the reflection of outgoing waves, has been widely

Such an example can be seen later in Sections IlI-B and IV—%S.eOI S0 far._ By adopting the ABC at the boundary of the
analysis region, waves reflected back from the boundary can

be ignored. TheS-parameters of the circuit are then usually
calculated by taking the ratios of the outgoing voltage wave
The generalized scattering matrix may be used in conjurspectra to the incoming ones in a wide range of frequen-
tion with any kind of analysis method. Some componentses. However, this method includes two potentially delicate
may be characterized analytically and others numericallprocedures: the separation of backward- and forward-going
Each analysis can be carried out completely independentlyaves at the input port, and the ABC calculation to minimize
By employing a universal numerical method, the scope ahdesirable reflection from the boundary. These procedures
the generalized-scattering-matrix approach is expected to require additional computational efforts, which are not minor.
potentially extended. In this section, a new technique isNonreflection at the circuit ports is by no means the only
described for the calculation of the component matrix usirgpndition for S-parameter calculation. A more general re-

Il
=

and

Ill. PARAMETER CALCULATION BY FDTD SMULATIONS

FDTD simulations. quirement is port termination by well-defined impedances. In
this sense, the ABC is a particular case where the ports are
A. Time-Domain Modal Voltage and Current terminated by the characteristic impedance of the waveguide,

Since FDTD simulations yield time-domain data, one mu¥‘fhic_h is_frequenf:y dependent in gene_ral. Here,_we CO”S_‘deF a
first note what the time-domain quantities look like at th[%ermlnatlon that is represented by a simple equivalent circuit.

modal ports that have been introduced earlier in the frequen ppose dthatev;e can t(ra]r.mk:nattcaj_?fach |t*nfo dal ?r? rtby a ter.rcrjunat-
domain. The answer to this can be derived from inverddd 'MPeAaNC&ie,y,, WHICH IS dilierent from thé waveguide

Fourier transforms of the definitions in (5) and (6). In the mo aracteristic impedance. For simplicity, we now consider only

general case, eigenfunctioas and h; should be assumed toONe mode at each physical port, and examine the equivalent
be frequency-dependent. However, in such a case, obtam% uit of region C' in Fig. 1. The circuit diagram of such a
frequency-domain information from the time-domain data tem is illustrated in Fig. 3, whele:rm = £, at port 1 and

not very feasible because a convolution has to be performgt™ — = R at port 2. We employ the following definition for
many times. To avoid this situation, we have implicitly mad € scattering matrix of this system:

an assumption on the port structure. Let us again consid Vl( 7;7( )

region C in Fig. 1. This is a portion of a metal waveguide. W _[Suu[#, #i](w)  Sia[#, #5](w)

The cross-sectional shape of the waveguide may actualy/(+) (w) - [ #i, #i)(w)  Saa[#4, #5](w)

be arbitrary. Between the physical ports there can be al y;

kind of discontinuity as long as it can be treated by the VR;

<7)
conventional FDTD method. The only assumption we make V14 (@)
is a lossless homogeneous structure on the ports, i.e., the ) \/Rl . (20)
waveguide must be filled with a constant medium at least at v 7#2 (w)

the cross section of the reference planes. The eigenfunctions VRs
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, by different numbers as the parameters for the same structure.
- . However, of course, either set of parameters is convertible to
the other. Let us denote the matrices defined in (20)" by
Sy [#iH#i] S,[#i.#i]
Sy [#.#] S, [#j#]]

such that[$], in order to distinguish them from the matrices
[S] defined in (11).[S] can be converted tf5] as

[S] = [Gs_sl @ [S]® [Gs_s] (29)

where[G,_ ¢] and[G¢_, ] are the conversion matrices, and

Physical port | Physical port 2 are given, in the case of Fig. 3, by
modal port #i modal port #j
N G . 1= I (1-1)/vVE:
I gi Ly St S |(1+1)/VR, -r
- - Ry — Zopy i(w)
o o r =T = 30
—{ R o (w) R + Zow (@) (30)
w0 A b syt s | F <y g G =[ T GHDVE]
AV an,#. Sy [##i] Sy l#.#i ‘2,#1‘ CTCAVAVE S SeaiSzpt  |(1=T)/VRa I _
Ry — Zop, 3 (w)
T o Nw)=——75-++—"""—-< 31
@) =gzt (31)

Fig. 3. An equivalent circuit of a two-port metal waveguide structure termi@ot,#i and Zoz 4 ; C_IenOte the characteristic _impedance of
nated by well-defined impedances. each mode on physical ports 1 and 2, respectively. In general

O @O ) multimode cases, each component in the above conversion
Vo!tage wavess i, vy 4, Us 4, @ndu, i can be expressed matrices becomes a diagonal submatrix whose dimension
using the nodal voltage and current at each modal port as corresponds to the number of modes considered at each

(=) oy Vgiw) — Ly wi(w) Ry o7y Physical port.
" W) = 2 @1 We will next explain how to implement the terminations
L) () = WVii(w) + I g (W) Ry (22) described above in the FDTD algorithm.
T, #e - 2
V;_) (W) = Vo ui(w) — Iz u;(w)Ro (23) C. Impedance Boundary Condition
i 2 Consider again, regiod’ in Fig. 1. In order to terminate
1/§+),(w) — Va5 (w) +I2,#j(w)R2_ (24) Pport 1 with terminating impedanc&...., the following re-
o # o 2 ) lationship is requested at every modal port on this physical
In addition, the terminating condition at each port gives port:
Vi) = Dogilw) B = Vol) (%) Vi (@) = Zieom(@)I1, g () (32)
and N erm S HEN .
Referring to the definitions of the voltage and current, (32) can
Vauj(w) = Lo uj(w)Rz = 0. (26)

be rewritten as a relationship between the field components,
From (20), together with (21)—(26), one can eventually obtafhich must be satisfied on the port plane. That is, using

5)—(10),
__ 2V1,pi(w) — Vs(w) (
Sul#i, #i)(w) = == 27
ulis #l V(@) @0 Ey(2,9,0) = Zyam(@)Hi(2,0,0) X 0. (33)
So1[#7, #i](w) =1/ % 2Vo ui(w). (28) whereE, and H, are the transverse components of the total

These formul ol culate i o Tield, e E, = EY + B andH, =HY + H n_is
ese formulas enable us to calculate fhparameters from e e toward the outside of the analysis region in this case.

only the nodal voltaggs [7). Consequently, the trOubleso'ﬁ\q’ternatively, in terms of the Cartesian field components,
procedure of separating the backward- and forward-going

waves can be avoided. Furthermore, we do not have to worry E.(z,y,w) = —Zierm(w)Hy(z,y,w) (34)
about gndeswable refl_ectlons fr(_)m the terminations. There e>_<|st Ey(2.9,w) = Zyerm (@) Hy(z, 1, w) (35)
some intended reflections in this system; however, everything

is automatically taken into account. Extension to the genefal physical port 1. This condition is called the impedance
case where there is a finite number of modal ports at edsbundary condition (IBC), and can be implemented in the
physical port is straightforward. FDTD algorithm as follows.

It should be noted here that the parameters defined inWhen we descretize the field in regiéhin Fig. 1 using an
Section Il and here differ in the two points. First, the standakDTD mesh, we have two choices in setting the mesh nodes
impedance is obviously different. Secondly, (20) defines tlo® each physical port. The first is to adjust the mesh such that
S-parameters in terms of power flaw/v/R = v/vi, while (11)  E,-, E,-, and H.-nodes exist on the port plane. This case
gives them in terms of voltage waves. These differences yiaddillustrated in Fig. 4(a). The second is to adjust it such that
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Notice here that we have used the transformatjon <
d/0t, and have taken an average in space Hy and an
average in time fotE, to evaluate the values at poif{t +
1/2)Ax, jAy,0] and at time(n — 1/2)At. Substituting (37)

\ into the term ofH, (i4+-1/2, j, —1/2) in the original FDTDE.-
node updating formula, we obtain the following new formula
for updating the£, nodes on physical port 1:

| RegimnC | 7 EN(i+1/2,5,0)

_ €06re — AtGrerm /A% + 2Cierm/ A%
o : E -node  0Ere + AtGierm A7 4 2Cierm /A
® : E -node 'E;Lil(i+1/2vj70)
y At
® : Hy-node + (c0&re + AtGrerm /A2 + 2Cierm [ A2) Ay

[HZTM2 (6 +1/2,5 4 1/2,0)
— H V(4 1/2,5 — 1/2,0)]

(b) /2,412
H(i+1/ ?,JH/ K) . x B 24t
. Nl d (e08ra + AtGrerm /A% + 2Cierm/Az) Az
Ex(i+1/254) . CHy R 41/2,5,1/2). (38)

H(i+1/2,3k-1/2) | H(i+1/2,jk+1/2)

] Similar formulas can be deduced for thE, nodes. By
applying these formulas to evedy, and £, node on physical
Hi+1 /f,_,j_l 12.K) port 1, all modal ports on this physical port can be terminated
by the condition in (36). As easily seen, this implementation is
much simpler than those of complicated ABC’s. No additional
Fig. 4. An arrangement of FDTD mesh nodes on the physical port. memory is required and the computational steps are almost the
same as those for internal nodes. If the second choice of the
H,-, H,-, and E.-nodes come on the plane. In the first cas&)esh setting is employed, an impedance type
the condition of the type
1 . Zterm (w) = Rterm + jWLterm (39)
Kerlll(w) - Zterm(w) - Gterm +chterm (36)

can be implemented easily. Fig. 4(b) shows Bstnode and

related neighboring{-nodes. The value o, can usually be Voltage Signal Source

updated using the values of thegenodes. However, when il imol h | ional ;
the E,, node exists on physical port 1, one of the values, i.e., N_gxt, we will imp em_e_nt the voltage signail source tor
H,(i+1/2.7,k—1/2) in Fig. 4(b), is nonexistent. Therefore,exc'tmg a modal port. Originally, _the FD_TD updating formulas
instead of this nonexistent value, the condition in (34) may yyere directly derived from the differential form of Maxwell’s

used. Substituting (36) into (34), one can rewrite this conditidi!l! eduations. However, their integral form sometimes pro-

-

can be implemented similarly.

into the following finite-difference form: vides better insight into th.e physica! meaning of the fqrmulas.
s s Let us examine the physical meaning of (38). Equation (38)
_Hy” P +1/2,5,-1/2) + Hy (6 +1/2,5,1/2) may be rewritten as (40), shown at the bottom of this page,
2 which can be interpreted as
= Gterxn E;L(IL + 1/27J’ 0) + E;Lil([l’ + 1/27J’ 0) aD - .
2 E ) dS+ n. X (JGterm +JCter1n) -ds
vo BR41/2,5,0) - Bpi(i41/2,5,0)  TAvE o
e At ' = / H-ds. (41)
Er(i4+1/2,5,0)— Er~Y(i+1/2,4,0 Az En(i+1/2,5,0)+ Er~1(i+1/2,4,0
£0E ac(L+ / ) ) z (L+ / »Js ) Ay 7+Gterm ac(l’+ / »J> )+ z (L+ / »J> ) Ay
At 2 2
En(i+1/2,5,0)— Er~1(i+1/2,4,0
+ Ctel‘lll £ (L + / ’J7 ) & (L + / ’J7 ) Ay
At
Az

= H V(04 1/2,5 +1/2,0)

Az
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@ of (38):
Physical port 2At
(refercnce plane) (5051*.7: + Atherm/AZ + 2Cter1n/Az) AZ
B '[C;(term‘/sn_l/2 + Cterm‘/sln_l/Q]eac#n(i + 1/27J) (43)

By this term, the modal voltage source of theh mode
having internal impedancg;c;., = 1/(Gierm + jwChierm) 1S
implemented.V," /2 is the time derivative of the voltage
v, exn(i+1/2, ) is the value of the: component of
the eigenfunction at this point. Similar formula can be deduced
for the £ -nodes.

IV. NUMERICAL VERIFICATIONS

The procedure fois-parameter calculation using the idea
) © described in Section Ill is summarized below.

------------------------------------------ 1) Divide a whole structure into parts that are to be modeled
individually, and thereby define the physical ports for
each part.

2) Find the possible modes on each physical port.

3) Build up the FDTD model by setting medium constants
in the mesh.

4) Adopt the impedance boundary condition on every phys-

Fig. 5. Physical model of anE, node on the physical port ical port.

terminated by the impedance boundary condion of the type 2) EXCite modal port#1 on physical port 1 using the
Zierm(w) = 1/(Gterm + jwCherm ). voltage sourceV,(t). V,(w) can be calculated from

V.(¢) in advance.
Observe the electric-field distribution on all physical
ports, and thereby extract the nodal voltage of every

J Gterm

The first term on the left-hand side represents the displacemen@
current J., which crosses the area surrounded by the path .
modal port at each time step.

A_B_C_D__A in Fig. 5(a). The right-hand side gives a part 7) Calculate Fourier transforms of all nodal voltages.

of the loop integral (on the pati—B—C-D) of the magnetic 8) Obtainﬁll[#i,#l] and gm[#%#l] fori=1,2,---,
field. And the remainder of the loop integral is given by the andj = 1,2,---, using the prbposed formulas.

second term of the left-hand side in terms of surface currentsgy Repeat (5)—(8), changing the excitation port to complete
JGterm @Nd Jotern that flow on the physical port (reference the generalized scattering matrix.

plane). The magnitude of magnetic fieff), at this node should Among these steps, (4)—(8) are newly proposed in this paper.
be equivalent to the total surface curreftficrm + Jcierm:  The following gives numerical verifications of tifeparameter

From this interpretation, an equivalent circuit that describes thg|culation. The issue of the possible mode selection is also
relation between., Jaierm, Joterm, aNd E, can be derived, addressed.

and it is represented in Fig. 5(b). An excitation term can be
added to this local node by introducing electromotive fakze A. Hollow Waveguide

into this equivalent circuit, as shown in Fig. 5(c). This mo.difies Fig. 6(a) and (b) presents the frequency characteristics of
(40) to (42), shown at the bottom of this page, whéiis  g.parameters for a hollow rectangular waveguide. Having the
the time derivative off;. In order to excite a certain modalphysical ports terminated by (= 500 ©),5;; and Sy of

port, everyE, and £, node on this physical port needs to bghe 6.508-mm-length waveguide are plotted T, TEso,
excited at the same time with the amplitude in proportion tend TE;, modes, respectiAver_ Here, the difference between
the eigenfunction. Therefore, we eventually get the followinghe parameter set§ and S is clearly seen. SincdEyq is
excitation term, which should be added to the right-hand sidepropagating mode at these frequencies, the magnitudes of

En(i+1/2,5,0) — E7~ ' (i+1/2,§ Az En(i+1/2,j Er1(i+1/2,j
€0Era a;([’+ /7J70) xz ([’+ /7J70) Ay_7+Gterm a;([’+ /7J70)+ xz ([’+ /7J70) _E:,—I/Q Ay
At 2 2
Er(i4+1/2,5,0) —E? Y i+1/2,5 ,
+Cterm a;([’+ /7J70) T ([’+ / 7J70) _Esn_1/2:| Ay
At
n—1/2/. . Az n—1/2/. . n—1/2/; . Az
=H (Z+1/2,j+1/2,0) 5 —Hy ('L+1/2,j,1/2)Ay—HZ (Z+1/2,j—1/2,0) 5 (42)
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------ : Analytical — : FDTD S
v ﬁnmisom%ol o L £ A T N S
0.30 ¢ 1.00 & P S21[TE;o.TE ol
(a) = N . !':'ET:? 0.8 . WRJ-10 (X-band) i c—
i (Port 2) a . 5
. 1 52 ] s o7 ks o o 8
0.25 | S11[TE30. TE39] ' s COR |
— 0.99 4 - I
$21[TE g, TE gl ] g 04 I A ' — o
020 - g S TETE o
o —098 o 2 ‘ /“9""
'5 E s 02 L. LY S1,ITE (. TE o} p—
E 015 B B E E | X .;. g I R ’ ,
%0 -~ éﬂ 2 0.0 | L 1 L o
> S21[TE30.TE50] —10.97 " 05 1.0 L5 20 ali,
0.10 — S S S O U O U T T T YU T T S T O G U U O
1 i0 15 20 25 30 35 40
Frequency (GHz)
i —0.96
0.05 Fig. 7. Normalized scattering parameters of step discontinuity between two
§21[TE50,TE50] ) N waveguides. The structure dimensions are- 15.8 mm andb = 7.9 mm
) \ for WRJ-15 (P- or K'u-bands, 12.4-18 GHz) waveguid€; = 22.9 mm and
0.00 — t : ad ! : —'0.95 b = 10.2 mm for WRJ-10 { -band, 8.2-12.4 GHz) waveguide. Our results
9 10 11 12 13 14 15 are compared with those after [8]. The mesh29Ax x 7T1Ay x 40Az,
b 90 -90 where Az = 177.528 pm, Ay = 143.636 um and Az = 200 pm.
80 | ~ 4 -100 At = 239.393 fs. Data are plotted in the frequency range where the
70 |k S21[TEs50,TE50] 4 110 concerned modes are propagating modes. The top nine modes in Table | were
60 | N 4 120 taken into account in this calculation.
S51[TEsq, R
40 + - -140
r (1-I)/VR
30 ¢ ¢ Mo, 150 G . _ 47
5 20 L SulMEwTEo] 1160 5 [ SZ,TEm*SZwTEw] (1+D)VR -T (47)
B 10 | 4-170 8
L, 0 A LU and
& -10 | A <1 170 = R_Z
S S13 [TE5. TEso —4 160 &~ N(w) = — O,TEm(w) (48)
30 | e, | 150 R+ Zo,rE,, (@)
40 S$11[TE39,TE;3g] 4 140
50 b 1 130 for the TE;, mode, for instance. The results obtained by the
60 - o TE . 7 120 new technique compare with the analytical results quite well
70 21 [TE 9, TEpl 4 110 . .
as seen in these figures.
-80 -1 100
90 i | | | l | 90
9 0 11 12 13 14 15 B. Step Discontinuity Between Two Rectangular Waveguides
Frequency (GHz) The next structure for the verification is the step disconti-

nuity between a WRJ-15H- or Ku-bands) waveguide and

Fig. 6. The generalized scattering parameters of a hollow rectanguﬁr

waveguide. (a) Magnitude. (b) Phase. Dimensions of the waveguide e\NR‘]'10 K'band) Wavegwde [8]' as shown in the inset of

a =19.05 mm,b = 9.525 mm, and the length = 6.508 mm. Sy, andSs;  Fig. 7. When a wave in th&E,, mode is incident from port
when the both sides are terminated by 5b@re given. The FDTD simulation 1, TE,,,,, andTM,,,,, modes, wheren is odd and» is even in
was done using d6Ax x Ay x 204z mesh, whereAr = 250.66 pm,  thjs case, can be excited due to the discontinuity. If an induced
Ay = 9.525 mm, andAz = 3254 pm. At = 417.763 fs. - . L .
mode has the possibility of showing significant magnitudes at

the reference planes, the mode should be considered in the

, . - . calculation of modal expansion. However, on the other hand,
and unity, respectively. Howevesy; [TEyo, TEyo] is not .. "o computational effort increases in proportion to the

Z€ro 3nfzsél[_|TE1°t’ T;jlﬁ]ﬂ:s nr?t onte, .et>.<c§pt fcc)jr a pmfn: number of modes, it is desirable to select the minimum set of
aroun Z, at which the characteristic impedance o _Wodes that are required to characterize the component with
mode matches 50Q. Similarly, since the frequency region is

- a certain accuracy(M + N) FDTD simulations (M + N
below the cutoffs of'E3, and TE;, modes, the magnitudes UM + N) (M + N)

A A . iterations of steps (5)—(8) at the procedure described in the
Of 511 [TEso, TEzo] and 51, [1TEso, TEso] are high, but are beginning of this section] are required in generaNifand A
still not unity. These results can be obtained analytically aS.0des are taken into account at the physical ports 1 and 2,
(8] = Ge sl ®[S] @ [Gs_ 4] (44) respectively. In this example, we introduce a guideline for
the mode selection [9], which utilizes quantities of power
dissipation at the resistive ports.
} (45) The minimum set is not always found explicitly prior to
the analysis. Let us take as many modes as possible for a
G ]:[ -I (1+1“)/\/}_3} (46) preliminary set determined in step (2) of thifeparameter
SLTEL L TE L (1-D)WVR r calculation procedure. In this example, choose€Tilig,-mode

S11[TE10, TE10], and S21[TE19, TE;0] are obviously zero

where
0 G—WTMO(W)I
—"/Tmo(w)l 0

[S[TE10, TE10]] = L
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TABLE |

SELECTED MODES FOR THEEXAMPLE IN FIG. 7. RELATIVE Pmax |S THEMAXIMUM I i v
PowER DISSIPATED AT THE MODAL PORT IN THE FREQUENCY RANGE OF INTEREST V! n
(10-40 GHz) WiEN THE PORT IS SELECTED. fa max IS THE FREQUENCY AT - /I/l T
WHICH P BECOMESMAXIMUM . f. |s THE CUTOFF FREQUENCY OF THEMODE / b' b
Ela x bl
No. Mode Rel. Prax | famax I le—2a' P
le-d |
1 | TE,o(P-band) - - 9.49GHz ——a— y
2 | TE;o(X-band) | 0.97706 | 12.11GHz | 6.55GHz Yo 2z z
3 | TM,(X-band) | 0.19067 |32.13GHz | 30.13GHz S x
4 | TEzp(X-band) | 0.08447 | 32.64GHz | 19.65GHz
5 | TMjy(X-band) | 0.03612 | 35.57GHz | 35.37GHz 1.0 pe—
6 | TEsp(P-band) | 0.01060 | 35.31GHz | 28.48GHz RN ) -
7 | TMo(P-band) | 0.02426 | 39.90GHz | 39.14GHz = W\ + ;?elas:l . ;3"““8[8]
8 | TE,,(X-band) | 0.01043 | 35.44GHz | 30.13GHz g 08 | x5 N TGl d=Immis)
9 | TE,,(P-band) | 0.00388 |3531GHz | 39.14GHz E U S\ O ;ﬁfs W‘“‘: j jzm"‘
10 | TEso(X-band) | 0.00512 | 35.44GHz | 32.75GHz 2 o6 | Sy Qe wort @
11 | TE3(X-band) | 0.00282 | 39.14GHz | 35.37GHz = () 777 P Thiswork, d= 10 mm
12 | TMgy(X-band) | 0.00049 | 35.31GHz | 44.02GHz 2 B Xy 7 e This work, d =2 mm
13 | TM3,(P-band) | 0.00023 | 35.31GHz | 47.47GHz 5 0.4 $) )
14 | TM4(X-band) | 0.00004 | 39.90GHz | 59.19GHz g B L
15 | TE5y(X-band) | 0.00003 | 35.31GHz | 44.02GHz = s o
o Y[
) B !
7
. . . 0.0 I 1 - . !
of the WRJ-15 waveguide as th_e #1 mode,_ Whlch is a funda- 05 06 07 08 09 10 ali
mental mode, and execute the first FDTD simulation. We then T N S S N N R S
obtain S11[#¢, #1] and Sa1[#4, #1], wherei = 1,2,--- | M 10.0 15.0 20.0
andj = 1,2,---,N. These parameters constitute a column Frequency (GHz)

N N T .
VeCt(_)r {S[#k’ #1]’ k N 1_’ M+ N} » which cor_responds to Fig. 8. Magnitude of the reflection coefficient of an unsymmetrical resonant
the first column of preliminary/ + N port.S-matrix [S]. Now iris. « = 15.8 mm, b = 7.9 mm, «’ = 11.85 mm, andb’ = 6 mm. The

consider a new matrix given by structure was divided into five parts. Parts ii and/or iv (both are identical)
are analyzed using FDTD with 820Az x 79Ay x 20Az mesh, where
& Az = 131.667 pm, Ay = 100 um, andAz = 100 pm. At = 166.667 fs.
[Gs,, s, )@ [S]. (49) " : "

This operation deembeds the imposed terminating conditig&J 8

. In order to demonstrate the synthesis by the gener-

from modal port #1. The first column of deembedded may; ; ; o ; .
A ed scattering matrix, we divided the structure into five

trix {S'[#1,%1], (3'[#k, #1.k = 2,M + N)}T can be -.- g matrix, Ws divi veture 1o v

. . _parts. The matrix of parts ii and iv (these are symmetrical)
WRs calculated by the FDTD simulations using the presented
Rew technique. Other matrices were prepared analytically, as
previously shown in the section of a hollow waveguide. The

P(k,w) = Zq #l(w)g/ [#k, #1](w) 57 [#k, #1](w) (50) composite matrix of the total structure was then synthesized by

formulas similar to (14) and (16). Using these componen
evaluate

for eachk, where2 < k£ < M + N. Find the port number _ . . .

k: that gives the maximum value @ in the frequency range [51 = [Si] @ [Gs 5] @ [Si] @ [Sii] @ [Siv] @ [Gs_ 5] @ [Sy].

of interest. Select the portk as the excitation port in the (51)

next simulation. Equation (50) represents the relative powEgn modesTEg, TEyo, TMiy, TEzo, TE;1, TMya, TEa1,

that is dissipated at théth modal port if a unit wave is TM21, TE12, and TMy») in the WRJ-15 waveguide region

incident from port#1. In the next selection, two ports are2nd four modes{Esg, TEz, TM11, and TEy,) in the iris

deembedded before evaluating the value® ofin this way, we Were selected in the frequency range of 10-18 GHz and

can select the modes that are to be considered. Table | sh&@@sidered in the calculation based on the similar mode-

the order of selected modes. The valugf,. may be used as selection procedure described in the previous section. Fig. 8

a criteria for truncating the number of modes. Fig. 7 preserR!sOtS the frequency characteristics of the reflection coefficient

results obtained, taking the top nine modes into account, whiékt [TE10, TE10] with the thickness of irig/ as a parameter.

compare well with the results after [8]. Thicknessd can be varied at once so that only part iii needs
to be replaced. Measured and calculated data after [8] are also

V. APPLICATIONS plotted, which agree well with our results.

A. Unsymmetrical Resonant Iris B. E-Plane Waveguide Filter with Metal Fins

Let us present two examples of the hybrid analysis basedrig. 9 shows an analysis of af-plane bandpass filter
on the generalized scattering matrix. The first one is draving three metal fins (inductive posts) in a rectangular
unsymmetrical resonant iris in the WRJ-15 waveguide [8] waveguide. In this case, the whole structure was divided into
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Cthiswork  © : measurement in [10] 3) A structure may be divided nicely so that some compo-
25 nents become symmetrical or identical, as seen in our
= I examples. We can build and reuse the matrix database
[ for frequently appearing components.
B LTT 4) Since the analysis of each component is completely inde-
- — i a : )
20 |— il v v vt I pendent, total analysis can be speeded up by using many

computers in parallel. Even step (9) of the procedure
may be carried out in parallel.

5) Due to this independence, the descretization length of
each part can be selected arbitrarily. This allows more
freedom for precise representation of the structure.

6) Since each component does not have ligtesonance
by itself in the case of thé’-plane filter example, the
time-stepping in the FDTD analysis can be terminated
much earlier than that of the whole structure. This
is a significant advantage that should be emphasized
regarding time-domain techniques.

7) Finally, sensitivity analysis of some structure dimensions

S21[TE g, TE ] becomes easy, as demonstrated in the iris example with

parameterd.

i 1IN
TR PAR AT

Transmission & Return Losses (dB)

VI. CONCLUSIONS

1.5 120 125 This paper presented a hybrid-analysis method for metal

waveguide circuits. The method is based on the generalized-
Fig. 9. Transmission and return losses of a rectangular waveduipine scattering-matrix app'roach. A new t_eChmque was introduced
filter [10]: @ = 19.05, b = 9.525¢ = 0.50,d; = 2.976,d> = 8.554, for the FDTD modeling of waveguide components. In the
L = 12.273. Dimensions are all in millimeters. The mesh sizes oEDTD simulation. the IBC is used for the port termination
T6Ax x Ay x 20Az for parts ii or vi and76Ax x Ay x 40Az . tead of I.’ ted ABC' d th lized tteri
for part iv were used, wherd\e = 250.66 um and Ay = 9.525 mm, NS e_a _0 compiicate S, an € generalized scatiering
Az = 297.6 um for parts iiivi and 427.7.m for part iv. At = Az/2¢. matrix is calculated from nodal voltages of modal ports.
A compensation technique for conductor edge singularities [11] is used Jherefore. some troublesome procedures required in the con-
the FDTD simulations. . : . : : .

ventional technique are avoidable, and rigorous analysis can

be performed efficiently. Though we demonstrated the utility

of the method using relatively simple conventional examples,
seven parts. The matrices of parts ii, iv, and vi were theRe substantial advantage of this hybrid method is its ability to
calculated by the FDTD. The rest were obtained analyticallgeal with arbitrarily shaped structures. The method is expected
Finally, the composite matrix was calculated as to be used in efficient analyses of larger and more complex
structures.

Frequency (GHz)

[S]=[Si]&[Gs_gl® [?ii] ) [?iii] & [Siv]

B[S, B [Sui] @ [Ge_g] @ [Swii)- (52) REFERENCES
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