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1. Introduction

We proposed electric field integral equations (EFIE) which are suitable for a basis theory of a com-
puter aided design (CAD) of a 3-dimensional (3D) single-mode waveguide[1]. In the EFIE, we deter-
mined the transmission and reflection coefficients by using the asymptotic expression of Green’s func-
tion. The EFIE can be numerically solved by the standard method of moment (MoM) directly. However,
it is difficult to extend the EFIE method to multimode waveguide.

In this paper, we propose new EFIE which can extend to 3D multimode waveguide. In the new
EFIE, we determine the transmission and reflection coefficients by using the orthogonal properties of the
modes. In this paper, we consider a 3D single-mode waveguide, in order to simplify the formulation.
But it is straightforward to extend the EFIE for a 3D single-mode waveguide to that for a 3D multimode
waveguide. Numerical results are finally shown.

2. Waveguide Modd

In this paper, we consider a 3D single-mode waveguide as shown in Fig. 1(a). The two multimode
waveguides 1 and 2 (regions €; and Q5), whose cross-sections are rectangle a x b, are connected by the
junction (region ), where the junction is an arbitrary shape, even though the junction isan irisin Fig.
1(a). Theincident wave comes from the waveguide 2.

Let Sp, S; and S, denote the side surface of the junction, the waveguide 1 and the waveguide 2,
respectively. Note that Sy has finite in extent, and S; and S, have infinite in extent. Surfaces S;p and
Syo denote the virtual surface between the junction and the waveguide 1, and between the junction and
the waveguide 2, respectively. SurfacesI'yp and 'y also denote virtual surfaces, which are cross-section
surfaces within the junction Sy + Sy + Sxo.

3. New EFIE
For the waveguide as shown in Fig. 1(a), we obtain an EFIE
E(r) = fs {ionawer) - L (v 9@y v/ ds )
where
Gr|F) = 4_1 exp(—”jlinlrr/'— r'l) @
J(r') = Ax H(r’) ©

and f denotes the unit normal vector to surface.
In order to derive anew EFIE, we first decompose the total field to guided fields and unguided fields
in the waveguides 1 and 2. Namely, the total field E(r) and H(r) in the waveguide 1 are decomposed as

E(r) = T1oEjo(r) + ES(r) 4
H(r) = TioHo(r) + HE(r) (5)
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and those in the waveguide 2 as
E(r) = RoEj(r) + E'(r) + ES(r) (6)
H(r) = RioHjo(r) + H'(r) + HE(r) @)

where T1g and Ryg are transmission and reflection coefficients of TEg mode, respectively. Et10 and
HY, are transmitted guided modes in the waveguide 1, E,; and H! are reflected guided modes in the
waveguide 2, and E' and H' are incident guided fields. E¢ and H® denotes unguided fields in the
waveguides 1 and 2, which are the sum of cutoff modes.

Substituting Egs. (4)-(7) into Eg. (1), we obtain

E(r) (rinQyp)
T10E}o(r) + EC(r) (rinQy) }
RuoE(N) + E'(r) + ES(r) (rinQp)
_ : _l ’ ’ ’ iw C _l r . 1C ’ ’
_L {;WJG L v J]ve}ds +f51+52{1 G- L [v- 3 ]VG}ds

0

H t J ’ t ’ ’ H r J ’ r ’ ’
+T10Ll{jwaloG—$[V -Jlo]VG}dS +R10f52{1wy310c3—£[v Sk G}ds

+f {jwaiG— l[v'-Ji]v'G}ds' 6
S, we
where
IR =axHYM, p=tr (9)
29 = Ax HYr), q=i,C. (10)

The transmitted electric field Etlo, the reflected electric field Er10 and the incident electric field E
satisfy

an(r) (r in Ql) _ ; t J ’ t ’ ’ t
0 Lm0} [ o LI slvoles v

Elg(n)  (rinQy) B o | [vr a1 1w T
8 Snbeng | = [ flwe - o[ sulvefes s 02
Ei(r) (rinQZ) _ { i _l rqi ’ } ’ i
0 (rin0) |~ Js, joud'G wg[v J|v'Gids +U(r) (13)
where
Ulo(r) = f {jopdiyG - L [V - 35| V'G + M, x V'GJds’ (14)
S10 we
SIRGE f {jopdinG - 1 [V - 35| V'G + M, x V'GldS’ (15)
Soo we
u'(r) = f (jwnd'G - L [v- 3| vG+ M x VGds' (16)
Soo we
MD(r) = ED(Nx A, p=tr (17)
MI(r) = E%(r)x A, q=i,C. (18)

Substituting Egs. (11)-(13) into Eq. (8), wefinally obtain

E(r) (rinQo)
EC(r) (rian,Qz)}

:f ionae - L v g1 ve}as
So &

()

+f {jwaCG—l[v'-JC]V'G}dS'
Sl+32 we

— T10U}o(r) = RioUjo(r) — U'(r). (19
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The integral equation (19) is the one which we have proposed so far. The properties of Eg. (19) are
following: (i) Eq. (19) isthe similar formulato Eq. (1); (ii) S and S, can be regarded asfinite in extent,
because J¢ which is the sum of cutoff modes vanishes at the far point from the iris. According to the
properties, it is possible to apply the standard MoM to Eq. (19). However, Eq. (19) can not be solved,
because the unknowns are not only J and J® but also T and Ryg. Therefore, we need to obtain another
equations.

In order to derive another equations, we applied the asymptotic expression of Green's function in
Ref.[1]. However, it is difficult to extend this procedure to multimode waveguides.

Asaprocedure which can be extent to multimode waveguides, we derive another equations applying
the orthogonal properties of the modes[2]. Multiplying Eg. (19) by the transmitted guided mode E‘lo(r)
in the waveguide 1, and integrating the resultant equation on the cross-section surface I gives

f EL () - E(r)dS = f EL(r) - f fionc- L v 3)ve)asas
I1o0 T'10 So we .
+f EL(r) - {jwaCG—l[V'-JC]V'G}dS'
T10 S1+S» we

- Tio f Elo(r) - Uip(rdS — Ryg f
I'o

I1o0

Elo(r) - Uly(ndS - fr Elo(r) - U'(r)ds.
10
(20)
Using the orthogonal properties of mode, the left-side hand of Eq. (20) becomes

f Elo(r) - E(r)dS = T1o f Ejo(r) - Ejo(r)dS. (21)
T'10 I'10

Similarly, multiplying Eq. (19) by the reflected guided mode E,,(r) in the waveguide 2, and integrating
the resultant equation on Iy gives

f EL(1) - E(r)dS = f EL (1) - f fjonic- L v 3)ve)asas
I'o I'2o So &

we
+f EL (1) - {jwaCG— Liv. JC]V'G}dS'
T2 S1+Sy we

- Tio f Elo(r) - Uip(r)dS — Ryo f
Iy

20

Elo(r) - Uly(ndS - fr Elo(r) - U'(r)ds
20 (22)

where
f Erlo(r) -E(ndS = Rlof Erlo(r) . Erlo(r)dS. (23)
I'oo I'o

The equations (19), (20) and (22) are the new EFIE which we propose in this paper. Since S, and
S» can be regarded as finite in extent, we can expand J° in finite number of basis functions. When we
apply the standard MoM to Eq. (19), (20) and (22) using N basis functions, we obtain a matrix equation,
where the size of a coefficient matrix is (N + 2) x (N + 2) and the size of an unknown vector is N + 2.
Namely, Egs. (19), (20) and (22) can be numerically solved by the standard MoM with no use of mode
expansion technique.

4. Numerical Simulations

Figure 2 shows the transmission and reflection coefficients and transmitted and reflected energies.
The size of waveguide isa = 15.8mm and b = 7.9mm, and the size of irisisw = a/V2, h = b/ V2 and
t = 2mm. The method #1 is the proposed method in this paper. The method #2 is the method proposed
in Ref.[1]. The results of #1 and #2 are compared with those in Ref. [3]. The results of #1 and #2 are
good agreement with those of Ref.[3] from Fig. 2(a). The total energies satisfy the energy conservation
law within an accuracy of 1% except a/A = 0.6.
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5. Conclusions

We have proposed the new EFIE (19), (20) and (22) which are suitable for abasis theory of computer
aided design of a 3-dimensional waveguide. The new EFIE can be numerically solved by the standard
MoM with no use of mode expansion technique. It is straightforward to extend this procedure to a
multimode waveguide. We have aso shown numerical calculations of the iris waveguide.
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Figure 1: (@) Iris waveguide model, and (b) parameters of iris.
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Figure 2: (a) Transmission coefficient (S;2) and reflection coefficient (Syp) of iris waveguide, and (b)
transmitted energy (I't), reflected energy (I'r) and their total energy I'roraL -
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