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WAVES BELOW FIRST CUTOFF IN A DUCT
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Abstract

The two-dimensional Helmholtz equation is studied for an infinite region with two
semi-infinite plates extending to infinity in opposite directions and a finite duct
in the overlapping region. The solution technique leads to coupled Wiener-Hopf
equations, and subsequently to an infinite set of simultaneous linear equations.
As an example, an asymptotic expansion is calculated and graphed for the case
when the duct length divided by duct width is large enough to ensure damping
of all but the zero mode wave in the duct.

1. Introduction

The problem of wave fields in infinite regions penetrating apertures and wave-
guides has been studied extensively. Generally, the method of solution relies on
solving in various regions, and linking these solutions across connecting bound-
aries. Further, if edges are present, edge conditions must be obeyed to ensure
uniqueness [2].

This paper investigates the steady state two-dimensional problem of the fields
due to a unit source in a boundary configuration as shown in Figure 1. Problems
similar to this one have been discussed by Noble in his book on the Wiener-Hopf
technique [6].

The fields are solved in each of the regions y < dg, d2 < y < d; and y > d,,
and linked across the connecting boundaries. This linking leads to equations
that are able to be solved by the Wiener-Hopf technique. However, the problems
solved in Noble’s book have both plates extending to infinity on the same side.
This problem has the plates extending to infinity on opposite sides, and a finite
waveguide formed between the plates. For this problem, the conditions a; > a2
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Figure 1. Source and field points and boundaries.

and d; > d; will always apply. This area in the region ds < y < d; and
az < z < a; will be subsequently referred to as the duct. The Wiener-Hopf
technique can be used to solve this problem but the Wiener-Hopf equations
obtained are simultaneous, and the method suggested in Section 4.4 of [6] is
employed.

When the ratio duct length divided by duct width is large, asymptotic solu-
tions for the region on the opposite side to the source will be graphed to show
the effect of a long thin duct on the field.

2. Formulation of the problem

Assume a time dependence of the form exp(—iwt) for the field, denoted by
®, and consider a unit line source parallel to the z axis at the point (zo, o), as
in Figure 1. The wave equation reduces to Helmholtz’s equation, with a source
term independent of z. Thus, ¢ will be independent of z and the problem reduces
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to a two-dimensional one. The equation for ¢ is:

82¢+-—¢+k2¢“—47r6(x—z Yo(y — (2.1
927 t 32 0)6(¥ — vo) 1)
where § denotes the Dirac delta function and k (= w/c, ¢ is the speed of light)
is the wavenumber. As is usual with problems of this sort, for analysis purposes
assume that k is a complex number with a small positive imaginary part as well
as a real part. Once the problem has been solved, this small positive imaginary

part can be let tend to zero. Also, consider Neumann boundary conditions, that

is,
gz—o ony=d;, 2<a; and y =ds, z > as. (2.2)
Edge conditions [2], [6] require that
¢ =0(1) (2.3)
and %% _ o112 (2.4)
dy

as r — 0 where r is the distance from either (a;,d;) or (az,dz).

As discussed in Section 1, ¢ may be determined in the three regions y < da,
d2 < y < dy and y > d; using, for example, Green’s functions appropriate to
each region, and these solutions linked across the boundaries. This approach is
taken here. ¢ can be written, [5]:

4 7 [Hél) (k\/(l' — 330)2 + (y — yo)g)
+ H(()l) (k\/(z —20)2 + (y + yo — 2d1)2)]
+co
+ 51;/_ f()HSY (k\/(:c 2+ (y- d1)2) de
(y > di) (2.5a)

¢ = 2(d1 )E(En/ﬂn)cos(mr(y dy)/(dy - d2))/ f(s.)e:ﬂnlz sl d¢

mﬂzﬂ](en/ﬂn) COS(nW(y - d:_,)/(d1 _ dz))/;oo g('y)eiﬁn|z-7| dy

(de <y < d) (2.5b)
%/_:og('r)Hél) (k\/(z -7+ (y- dz)"’) dy
{ (y < d2) (2.5¢)
where ! ne0
&= { 2 n> 0, (26)
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is the Neumann function, and
Br = Vk? — n2x2/(d1 — d3)?, (2.7)

where the branch of the square root function is chosen such that Im(8,) > 0 as
n — o0o. The boundary conditions (2.2), edge conditions (2.3) and (2.4) and the
fact that ¢ must be continuous across y = dy, £ < a; and y = da, z > a2 and
8¢ /3y continuous across y = dj, da, allow for the determination of f and ¢ in
(2.5), as is done in Section 3. Note that equality of the derivative across y = dy,
d, in (2.5) already holds.

3. Reduction to and solution by Wiener-Hopf technique

Define
+o0 .
q>(,\,y)=\/% /_ 6(z,1)e* dz, (3.1)
1 +o0
F3) = 2= [ s (3.2)
L e
G = —= [ atneay (3.3)
with inverses
+o0 .
¢(z,y)=# [ e0meean (3.4)
+o00 .
f(s)=712_; Py, (3.5)
“+o00 .
g('y)=# e (3.6)

Take the Fourier Transform of (2.5) to get
( /2reireo [e—ly—uol\/ﬂ_—ﬁ + 6'(”°+”_2d1)m]/m

— FWe W aVVR TR (> dy) (3.72)
d(),y) = { FNcoshl(y - d2)VA% — k2] — G(A)cosh|(y — di )V AT — k7]

VAZ = kZsinh[(d; — d2)VAZ — k2]
(d2 <y<d;) (3.7b)

L G(,\)e(!l—dz)\/z\z—k"'/‘ /22 — k2 (y < d2). (3.7¢)
From (3.7), we have,
0% oo
il = F(A), —_— = G(A). 3.8
ay y=d, ay y=da ( )
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A-plane

Figure 2. Branch cut system for A plane.

The function ®(A,y) defined in (3.7) has branch points at +k, and the usual
branch-cut system, as illustrated in Figure 2, is used to satisfy the radiation
condition (only outgoing waves at infinity). It is convenient at this time to
define the upper half plane as that region for which Im(A) > Im(—k), and the
lower half plane to be the region for which Im()) < Im(k). Further, any function
analytic in the upper half plane will be subscripted with a “+” and any function
analytic in the lower half plane will be subscripted with a “—”, as done by Noble
(6].
Using this terminology, the two functions F and G may be split as follows,

Fr()) = \/%_W ¥ f(2)edz,  F_()) = \/% /_ Y (@)eedz, (3.9)

1 [ , 1 [ .
Gi(N) = — e g, G_,\=—/ 2 gz, (3.10
+( ) \/2—7'_ oz g(:r)e z ( ) \/5? —oog(z)e z ( )
F=F+ +F_, G=G+ +G_. (3.11)
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The boundary conditions (2.2) correspond to F—~ = 0 and G4 = 0. Thus (3.7)
becomes

( V2merzo[e=ly=volVAT—K? | o= (y+v0—2d1)VNP=K2) ) /AT 2
- F+e‘(y—d1)\/A2—k2/m

(y > dv) (3.12a)
®(\,y) = F,cosh{(y — d2)VAZ — k%] — G_cosh|(y — d;)VAZ — K2}
VA2 — k2sinh[(d; — d2)VA? — k2]

(d2<y<di) (3.12b)
| G_ew=-aVV=R /TR (y < dy). (3.12¢)

The only condition left to enforce is the continuity of ¢ on y = d;, z > a; and
y = da, £ < as. Define ®; and ®, for £ small as

[ o]
®T(\,dy £e) = L\/f— #(z,d; £ €)e*** dz,

L e . (3.13)
®7(\dy2e) = 7 #(z,d; £ €)e " dz,
—00
1 [ o]
O3 (N, date) = \/_ #(z,ds £ €)e** dz,
e . (3.14)
& (M, date) = \/77_1' é(z,ds £ €)e** dz.
—0QQ

Thus
®(\,d1 +€)=8F(\,d1 +¢&) + B (N, dy +¢€)
= 2V2merTo~Wo—d)VAT—k? / /32 _ f2 (3.15)
- F+/ \ A2 - k2’

B(\,d; — ) = BT (A, dy — &) + BT (), d; —€)
_ Fycosh[(dy — d2)V2%T — k%) — G_

VAZ —kZsinh([(d; — d2)VAZ — k2]’ (3.16)
O\, da +€) = &F (N, d2 +€) + ®; (), d3 + ¢€)
_ Fy — G_cosh[(d; — d2)vA? — k?] (3.17)

© VAT ZkZsinh[(d; — dp)VAZ — k2]’
®(\dy—€)=dF (M d2— &) + 5 (N, dy —€) =G_/VI2 — k2 (3.18)
as € = 0%. As ¢ is continuous across y = d;, z > a3, and y = d3, T < ag,
o (A, d; +€) = 0F (N, di —¢), (3.19)
&5 (A, dz +€) =®5; (A, dz —€). (3.20)
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Define

Dl- = Ql_(/\,dl + €) - (I)l—(/\,dl - 6), (3.21)
D} = ®F (M, dz2 +€) — ®F (A, dy — ¢). (3.22)

Subtract (3.16) from (3.15) and (3.18) from (3.17) to get

2\/§7r'ci)‘zo—(yo—d1)\/¢\2—k7 F+e(d‘_d2)\/’\2—k2 -G_

Dy = ,
! VAZ k2 VAZ = kZsinh{(d;, — d3)VA? — k2]
(3.23)
_ (d1—d3)\/A2—k?2
pp = L+ —G-e7® (3.24)

2 7 VAT —kZsinh((d; - da)VAZ — k7]

Equations (3.23) and (3.24) are the dual Wiener-Hopf equations. A quick
check, involving writing (3.23) and (3.24) out in matrix form, ensures that the
method due to R. A. Hurd [1] cannot be used here, as the resulting ‘G’ matrix
referred to in equation (3) of his paper does not factor into the appropriate form.
To ensure uniqueness, edge conditions (2.3) and (2.4) give

F+ ~eika1|A|—1/2’
G_ ~e"\“’|/\|_1/2,
Dl_ NCiAallAl—l,
D;— ~ei)\a2|/\|—l

(3.25)

as A — oo in the appropriate half planes. Define

Mi(WM_()) = e~ =da)V22=k2 (g _ d,)\/A2 — k2sinh[(d; — d2) VA2 — k?]
(3.26)
where M, and M_ are asymptotic to |A|!/? in appropriate half planes. Thus,

My (A) = (dy — d2)(A £ k)
x exp{+iA(d; — d3)[1 — C +In(2n/k(ds — d2))}/7 F A(d;y — d2)/2}
x exp{—(d1 — d2)V/' A% — k? arccos(xA/k)/7}
X ﬁ [(1 - k2(d1 - d2)2/n27r2)1/2 F Z/\(d] - dQ)/'nﬂ'] exp{i/\(dl - dz)/nﬂ'}
n=1

(3.27)
where C is Euler’s constant = 0.5772 - - -. The functions M, and M_ are related
to Noble’s functions L4 and L_ in (3] by

My (X) = (d1 —d2)(A £ k)L (). (3.28)
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Equation (3.23) becomes
D;M_e—i,\al 2 21re"\("0—“1)-(y0—d1)« /’\2_k2M_
(di—ds) (d1 — d2)VAZ — k2

_ F.,_e"’\‘“ + G_M_e—i/\al
M, (dy — do)V/AT — kZsinh[(dy — d2)VAZ — k2]

(3.29)
It is at this point that this derivation differs from the work by Kashyap [4],
who deals with the same problem but with (a; — a2) < 0. It is necessary here
to multiply (3.23) by exp(—¢Aa;) to ensure bounded behaviour of all functions
as A — oo in the appropriate half planes. Thus, the last term in (3.23) and
subsequent infinite series expansion is really introduced as a consequence of this.

Now,

1

(dy — d2)V/A2 — 2sinh{ dy — da)VAZ — k2]

(3.30)

en(-1)" i
2(d1 d2 )2 E ﬂn(/\+ﬂn 2(d; — d2 2 Z ,Bn(’\ 5n

where the first functlon on the right-hand side of (3.30) is analytic in the upper
half-plane and the second function is analytic in the lower half-plane. By splitting
the term with sinh in the denominator up into terms analytic in the upper and
lower half planes, (3.29) becomes
Dy M_e~a1  2,/ometr(@o—a1)=(yo—di)VAT—k? oy
(dl - d2) - (dl - dg)v A2 — k2
- F, ""‘“I/M +G_M_e erp_

€n(=1)"G—(=Bn)M_(-Bn)e 1a1Pn
2(d1 dz 2 Z

ﬂn(/\ + ﬂn)
L S el M G (pM. (=)
2dy — d2)* 1= Ba(X + Bn)
(3.31)
where
by(A) = 2(d; —d2 )2 Z ,Bn /\+ﬂ ) (3.32)
)n
b_(A) = 2(d; — d2)2 Z ﬂn /\ Ba)’ (3.33)
The source term can be split (refer Noble [6]) as follows:
iA(zo—a1)—(yo—d1)\/ A2 -k2
2v27e y VAz-k b )+ Ao 30

(d1 — d2)V A2 — k2
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where

hey(A) = —
+ =g —oo (dy = d2)V/s? — k(s — A)

for Im(—k) < Im(¢) < Im(A) < Im(k), (3.35)
—1 [+ 2\/2meis(zo—a1)=(vo—d )P =k2 pr_ (&) d¢
Vars (1 _ 3N 2 120. _ )
-V g —00 \u:l Uz}vs " \5 Ny

for Im(—k) < Im(A) < Im(¢) < Im(k). (3.36)

1 /+°°2 27re’$'(zo—al)—(llo—dl)vfz—kzM—(f)dS'

ho(X) =

Thus,

F+e_i)‘al _ 1 i 5n(_1)nG—(—ﬂn)M—(_ﬂn)eialﬂ"

My 2(dl - d2)2 n=0 ﬂn(/\ + ﬂn)

_ D M_e~?=
(d1 — da)

hy -

—h_ —G_M_b_e Pn

1 o €n(—1)"[G_M_e_‘>‘“‘ - G-(—ﬁn)M_(—ﬂ,,)e"alﬂ"]
jECErAP Ba(A+ Ba) -

(3.37)

Similar analysis on (3.24) gives
D;—M.+.e—-'lka'2

— FyM b et
(dl _d2) + + +

= 1 i En(—l)"[F+M+e—iAaz - F+(,3n)M+(ﬂn)e'i“’ﬂ"]
2(d1 - d2)2 n=0 ﬂn(’\ - ,Bn)

- 1 i En(=1)"F (Bn) M (Bn)e*®2Pr  G_e 2
T 2(di - d;)? =, Bn(A = Bn) M-
Note that the series in (3.37) and (3.38) can be shown to be absolutely con-
vergent, except near A = S, m = 0,1,2,..., by using (3.25). The left-hand
sides of (3.37) and (3.38) are analytic in the upper half plane, and the right-
hand sides are analytic in the lower half plane. Equations (3.37) and (3.38), in
conjunction with (3.25), imply that both sides of both equations are O(A~1) as
A — oo in the appropriate half-planes. It follows from Liouville’s theorem that
the left and right hand sides of (3.37) and (3.38) are analytic representations,
with the overlapping domain Im(—k) < Im()) < Im(k), of the integral function
0.
To solve for F,(Bp,) and G_(—fm), set A = By, in the right-hand side of
(3.37) and A = —f, in the right-hand side of (3.38). This gives an infinite set

. (3.38)

of coupled equations for m =1,2,.... Set
Pm = Fy(Bm)e "1Pm, (3.39)
gm = G—(—Bm)e2Pm (3.40)
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where, using (3.25), Pm, gm ~ m~'/2 as m — co. Thus the equations for p,, and

gm are
+ M+ (Bm) En(—1)"M_(—pB,)ei@r1—02)Bng
pm 2(d1 d2)2 Z (ﬁm + Bn) = My (Bm )t (Bm),
(3.41)
(=Bm) = €n(=1)" M, (Bn)e'1~92)np,
¥ 2dr — d)? & Z =0. (3.42)

Bn(Bm + Bn)

4. Asymptotic form for waves below first cutoff

As an example, consider the case 2 < k < 20, (d; —d2) = 0.002 and (a; —a2) =
0.30. A method similar to that used by D. S. Jones [3] can be used to find
an approximate solution for the asymptotic expansion for this example. The
expression for G_ in (3.38), substituted into (3.7) and noting (3.39), gives

M+(ﬂ ) i(al—az)ﬂ,.pn Iu_eiz\ag-f-(y—dg)\/)\Z—k2

En(—
o(),
)= 2(dy d 2)? = E Bn(A = Bn) NV
for y < da. (4.1)
Thus,
- 1 Z\ en(=1)" M (B )ei(@1=92)8np,
¢(z) y) - \/2_7'_2((11 - d2)2 7;) ‘B"
y +00 M (A)e~ P (E—a2)+{y=da) VA2 —k2 g
o0 VAT —k2() - B,)
for y < ds. (4.2)

For k, (dy — d3) and (a1 —~ a3) as above, 8y = k and for n > 0, Re(8,) = 0 and
Im((a; — a2)fn) > 100.n. Thus, exp{i(a; — a2)Bn} < 1 for n > 0 and (3.41)
and (3.42) can be solved accordingly. Set
m = Pm(1 4+ O(exp{—m(a; — az)/(d1 — d2)})), (4.3)
m = Qm(1 + O(exp{~7(a1 — a2)/(d1 — d2)})) (4.4)
in (3.41), (3.42). Thus,

M (Bm)e™ (@1 —22) M_(—£5)Qo
2(d1 — d2)?Bo(Bm + o)
M_(=Bm)e* (@1 —22) M, (o) Po
2(d1 — d2)?Bo(Bm + Bo)

P, + = M4 (Bm)h+(Bm), (4.5)
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Solve for Py, Qo and P,,, m > 0, to get

Py = 16(dy — d2)* B3 M4 (Bo)h+ (Bo)
1684(d1 — d2)* — M2(Bo)M? (—fo) exp{i2k(a; — az)}
Q0 = 4(dy — d2)*B3M - (—Bo) M3 (Bo)h-+(Bo)

M2 (Bo) M2 (= Fo) expli2k(ar — a2)} — 1653(d1 — da)?3
Po = My (B)hy (Br)

T

_ 2M+(ﬁm),30M3(—ﬂo)Mi(ﬂo)h‘F(ﬁo)ei’c(ax—a2)
(Bas + Bo) (M2 (Bo)MZ (~Bo) expi2k(a1 = a2)} — 1665 (ds — da)"]
(4.9)

(4.7)

(4.8)

These substituted into (4.2) and neglecting terms of O(exp{—m(a; — a2)/(d; —
d2)}) noting (3.35) gives

8k3(dy dz)M2 (k) exp{ik(as — az)}

$(@.y) = rER(a, —dp)i = M? (k) MZ (—k) exp{i2k(a; — az)}]
» /+°° exp{is(zo — a1) — (yo — d1)V/s? — k2}M—(S’
-0 Vi$t—k2(s — k)
y /+°° exp{iM(z — az) + (¥ — d2)VAZ — K2} M_()) x
o VAT ZEZ(A - k)
{1+ O(exp{-m(a1 — az)/(d1 ~ d2)})}
for y < ds. (4.10)
Further, let

zo =rocosfp, z =rcos(d+ ), (.11)
Yo =rosinfy, y=rsin(@+7) 0<0,<7 '

as in Figure 1 and consider 7y, r — oco. After some standard analysis as per
Noble [6], and noting this formula,

/+°° F(A) exp{—idz — |y|V A% — k2}d)A

~ (2km)*? exp(—in /4) f (—k cos 8) sin § r—1/2 exp(ikr)
for r large (4.12)
(4.10) becomes

16 M2 (k)M_(—k cos ) M_(—k cos 8o)(d; — da)
[M2(k)MZ (—k)ei2k(a1—a2) — 16k4(d;y — d2)?](1 + cos8)(1 + cosfp)(rro)'/?
x exp{ik(ro + 7 + a1 — ay + a; cosfp — az cos§ — dy sinfp + da sin 8)}

¢~

for r, rg large. (4.13)
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Figure 3. |(ror)1/2¢| vs k for ro and r large.

Figure 3 shows the behaviour of |(ror)!/2¢| with 8§ = o = 7/2, for both 7o
and r large enough to warrant using the asymptotic expansion but otherwise
unspecified. This fact, of course, needs to be borne in mind when reading the
vertical scale of the graph.

As can be seen from Figure 3, there is a marked peak for the far field at
around k£ = 10.5. This is because the duct acts as a waveguide. The field in
the duct may be found from the inversion integral (3.4) with ® given by (3.7),
noting that d2 < y < d; in the duct. For a2 < z < a1, all singularities are simple
poles and the first mode in the duct, which will be the sum of two waves of the
form exp{—ik(z —a,1)} and exp{ik(z —a2)}, will be dominant as all other modes
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are O(exp{—m(a; — a2)/(d1 — d2)}) in comparison. As in standard waveguide
theory, resonances will be established with standing waves in the duct when
k(ay — a2) = n.w. For the value a; — ag = 0.3, resonances can be expected at
k = 10.5, 21.0, etc., which is consistent with Figure 3. The far-field strength is
thus closely coupled to the tuning of the source to the resonancy conditions of
the duct.

Note that the plane wave approximation may be derived by multiplying all
fields by the factor

Vrkro /2 exp{—tkro + in/4} (4.14)

and letting rg — o0.
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