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Abstract—In this paper, the region of interest consists of a
perfect conductor, coated with the two layer dielectrics under the
air. The completed analytical formulas have been derived for the
electromagnetic field due to a vertical electric dipole in the four-layered
region when both the source point and observation point are located
in the upper dielectric layer. Similar to the three-layered case, the
trapped surface wave, which is contributed by the sums of residues of
the poles, can also be excited efficiently by a vertical electric dipole
in the four-layered region. The lateral wave is determined by the
integrations along the branch cuts.

1. INTRODUCTION

The electromagnetic field of a dipole source in a layered region has
been visited by many investigators in the past decades [1-35]. In
the pioneering works by Wait [1-5], the Sommerfeld integrals for the
electromagnetic field in the layered region were evaluated by using
asymptotic methods, contour integration, and branch cuts. Further
developments were carried out by other pioneers. In particular, the
electromagnetic fields due to horizontal and vertical electric dipoles in
the two- and three-layered media were treated by King et al. [8-13].
Lately, in a series of works by Li et al. [20-22], the dyadic Green’s
function technique is applied to examine the electromagnetic field in a
four-layered forest environment.
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In 1990’s, Wait [14] and Mahmoud [16] wrote comments on
the work by King and Sandler [15] and regarded that the trapped

surface wave, varying as p~ /2 in the far-field region, should not be
overlooked at three-layered case. In the 2004 Collin’s paper [27], the
analysis supports the conclusions reached by Wait and Mahmoud.
Lately, several investigators have revisited the old problem and drawn
conclusions that the trapped surface wave, which is determined by
the sums of residues of the poles, can be excited efficiently by a
dipole source in the presence of a three-layered region [31-34]. It is
concluded, naturally, that the trapped surface wave can also be excited
efficiently by a dipole source in the four-layered region. In the available
references [31-34], the term being contributed by the sums of residues
of the poles, is named the surface wave, and the electromagnetic field
of a point source in a multi-layered region is examined in detail.

In the former paper [36], the complete formulas are derived for the
electromagnetic field of a vertical electric dipole in the presence of a
four-layered region. However, when both dipole source and observation
point are located in the second layer, because of multi-refection, the
problem becomes more complex. In what follows, we will attempt to
derive the completed formulas of the electromagnetic field generated
by a vertical electric dipole in the four-layered region. The region
of interest consists of a perfect conductor, coated with the two layer
dielectrics under the air and both the source point and observation
point are located in the upper dielectric layer. In Section 2, the
integrated formulas of the electromagnetic field are derived by using
Fourier transform technique. In Section 3, both the trapped surface
wave and the lateral wave are evaluated. It is noted that the trapped
surface wave and the lateral wave are determined by the residues of
the poles and the integrations of the branch cuts, respectively. In
Section 4, computations and discussions are carried out. It is concluded
that the far field is determined primarily by the trapped surface wave
in the four-layered region when both the the dipole point and the
observation point are on or near the boundary between Regions 1 and
2. In Section 5, some conclusions are drawn.

2. THE INTEGRATED FORMULAS FOR THE
ELECTROMAGNETIC FIELD BY USING FOURIER
TRANSFORM TECHNIQUE

The relevant geometry and Cartesian coordinate system are illustrated
in Fig. 1, where a vertical electric dipole in the Z direction is located
at (0,0,d). The space above the two-layered dielectrics is Region 0
(z > h) occupied by the air. The upper dielectric layer is Region 1
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Figure 1. Geometry of a vertical electric dipole in the four-layered
region.

(0 < z < h) characterized by the permeability po and permittivity €.
The lower dielectric layer is Region 2 (= < z < 0) characterized by the
permeability pg and e3. The rest space is Region 3 (2 < —I) occupied
by a perfect conductor or a dielectric characterized by the permeability
po and permittivity e3. With the time dependence of e~ Maxwell
equations can be written as follows:

YV X Ej = inj (1)

k2
vV xBj = (2)
where
kj = Wy/Ho€j; ,7: 0717273 (3)
J = 2Idlo(x)d(y)o(z — d) (4)

is the externally maintained current in the active dipole.
The integrated formulas of the field in the four-layered region may
be derived by using Fourier transform technique. Let

E(z,y, 2) = / / Tt (e, 2)dedn. ()

Similar transforms apply to B and J. Then, it follows that

d ~ .
(d 2 +71> Bz = _ZT/IMO(S(Z - d) (6

~—
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d -
dZ2 +’7] Bjm =0 (7)

where v; = /k? —e2 =72, j = 0,1,2,3 and Imy; > 0. The rest five

components can be expressed in terms of Bj,

~ ) 8Bjy w & 8Bjx

Ej, = =

J kQ 0z ZkQ n 0z ()
~ “w OB, -

Ejy = ]{,‘2 azj (9)
~ w d 9\ =

~ 5 ~

B, = . 11
N]y n J ( )
B;, = 0. (12)

Because the dipole source is in Region 1, the solutions for the four
layers can be written as

By, = C3e'0* (13)
By = C1eM7 4 Che™ M= — Z—:Semllz_d‘ (14)
.§2x = C46i72z + 0567”22 (15)
ng = Cﬁe_iw’z. (16)

The boundary conditions for the components éjx and Ejy lead to the
following equations.

Crelh 4 Gy — g—‘fei71<h—d> = Cyehoh (17)

1
Z; [C ez’ﬂh CQG*i’Ylh _ Z_/r:i)ei’h(hd)] — ch el’YOh (18)
Cy+Cy — Z—Zfemd = Cy4+ Cs (19)

neo

]{;2 (Cl 02 + — 2/71 71d> (04 — 05) ]{;2 (20)
Cue™ 2 4 Cpei?t = Cget s (21)
(Cae™2! = Csem!) 3 i = Coe 751 123. (22)
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With (21) and (22), we have

72 —imal _ v el _ 13 —iyal iyl
2 (C4€ Cse )— i (C4e + Cse ) (23)

then,
72 73

1.2 1.2
k2 k3 Cser2l, (24)
B e
k2 k2

046—1721

With (17) and (18), we have

n [Clewlh — Cyemh _ Mei%(hd)}

k3 2m
— lg [Clei%h + O2e—i71h _ %eivl(h—d)} (25)

kO 2’)/1
Yo M —ivih _ ﬂ - E imih (ﬂ . _) o i1 (h—d) 2
<k2+k2>ce (k% kg)cle Kok -(26)

Multiplying e~®2! to both sides of (19) leads to

(Cl+02 77:“0 z'yld> —iyal — (C4€—i'yzl + CSB—z"ygl)

2m
72 E
2 .
— %ew"l—{—eﬂwl Cs. (27)
k2 + k2

Similarly, multiplying e=2! to both sides of (20) yields to

k2 (CI_C2+ ZMO l%d) —iy2l _ Z_g (C4e—i72l _ C5e—i72l)

et
E_E
Y2 k2 k ;
=S| e e | G5 (29)
\2 e

From (27) and (28), it follows that
o d Y2 Y3\ el Y2, V3 —iyel
C' Wl te 19 V2 Y2
52 (Cl o )Kk% k§>e +<k2+k2>6 }

k:2 (CH—CQ g:? ei71d> X [(Z—g — Z—;) el (Zg + Z;) WZZ} . (29)
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Then, we write

7 7371]% ;2
Cy <? - ka l+ k‘2 - k‘2 tan’ygl>
Mo g (1 371kS
+2—ry1@71 (ﬁ_ZkaQ tan’yl—kzkg tan ol — k2>
71 73717452 Y2 73
= CQ . (k—% k2k ta 2l + ij—% tan’ygl — k‘_§> . (30)

In this paper, the case of interest is that Region 3 is a perfect conductor.
We assume

: 2! ’7371kz 2!
n = kilinoo (Zg - z% tanwl) = fiZ—g tan yal (32)
(30) can be rewritten as
C1(m +n) + g—:oemd(m—n) = Oy(m —n) (33)
1

Y1 Y0\ ik Y1 YO\ KO vy (h—d Y1, Y0\ ik
(k_%_k’z)e% G- (ﬁ_ﬁ)me%( = <k2+k:2) Oz (34)

With (33) and (34), it is obtained readily.

nHo
Cr=—o—- 35
' 21 @ (35)
where
m-—n
Q - Y0 il ( it )h Y0
m?—i-n? —ttany m? +np
. [7—; cosy1d + ilg sin y1d + (—2 sinyid — ilg cos 'yld> tanfylh} )
kl k() kl kio
(36)
Similarly,
Oy = — IO im2h p (37)
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where
(% — %) [(mcos'yld —insinyd) - (1 — itanfylh)}
P= : 7(? it Y1 Yo : (38)
{”l(k%‘—ik%tanﬂqh)~+7L<k%~—ik3tanqqh>]
Then, we have
Elz = _wQei’le _ Mei?ylhpe—i'ylz o Mei’71|2—d|
2m 2m 2v1
N [Qemz 4 Peimh—z) | em\z—dq _ (39)
2m
From the relations in (8)—(12), we have
By = % Qe + Pem@h=2) . cinlz=d] (40)
B =0 (41)
By, = U;Z;O [Qemz — pem(h=2) 4 e”llz—dq (42)
1
Ely = QEI:E = wm;o {Qemz — pemn(h=2) 4 e””z_dl} (43)
€ 2k1
~ w d 5\ =
Ey, = 77—]{:% (@ + kl) B,
_ _ WHo 4o i1z iv1(2h—2z) | imi|z—d
= — A 71 P Y1 0% ) 44
ik [Qe + Pe +e ] (44)

It is now convenient to express the field components in the cylindrical
coordinates p, ¢, z with the relations

T = pcoso,y = psing¢ (45)
€ = Acos@',n = Asin¢’ (46)
and the integrated representations of the Bessel functions, viz.,
i :
Tn(Ap) = —— / e!Apcosfind) gy, (47)
21 Jo

From (39)—(44), using the Fourier integrals like (5) and the following
relations
Elp = El:c COS ¢ + Ely sin ¢ (48)
By = —Bigsin¢ + By cos ¢ (49)
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the field components in Region 1 may be written as follows:

Ei, = —

Elz:_

iwito
4rk?

Liu, Li, and Pan

+ /0 Pei”’l(Qh_Z)AQJO(Ap)d)\]

WHo

+ /0 Pe(h=z)1 1 0 (Ap) A3 dA

47

+/0 PeMh=2) 32071 1 (Ap)dA

4rk?

[ /0 Fe =N\ 1 (Ap)d\ — /0 Qe N2 T (Ap)dA

(50)

oo | oo .
VO eMlE=dA =L (A p) A3 dA+ /0 Qe Lo (Ap) A3dA

(51)

_wol [ et nia + [T QeENR ()
0 0

(52)

where the upper sign in (50) is for the region z > d, and the lower

sign for 0 < z < d.
taking into account the relationship Hq(ll)(—/\p) = Hq(f)()\p)(—l

In order to see useful physical insights, and

is convenient to rewrite the integrated formulas in the following forms.

where

By, = E{) + EZ) + EY)
Fi. = BV + 5 4 B

By = BY —|—B(2) B

/ el 70 () A2dA
87rw61

/ Q™= HY (Ap)AZdA

871'(/.)61

1 © .
o i1 |z—d| —lH(l) 3
87rw61 / ‘ N Hy ()X
_ / QeZ'ylz _IH(I)()\p))\Sd)\
87rw61

o P 71(2h—2) o, — H( ) 3
87rw61 / ‘ N Ho  (Ap) XA
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By = 0 [ el () (62)
B2 = L0 [* Qemear D )iy (63)
B = 42 [ pem @y g (p)a (64)

It is seen that (56), (59), and (62) stand for the direct wave, which have
been evaluated in the monograph by King, Owens, and Wu [8]. When
ko = ki1, the above formulas can be reduced to those for three-layered
case addressed in [29]. Obviously, the above integrals including the
Bessel functions J;(A\p) or Hi(l)(/\p) (¢ = 0,1) with high oscillatory,
these integrals converge very slowly. It is necessary to evaluate the
above integrals including () and P by using analytical techniques.

3. EVALUATIONS FOR THE INTEGRALS

In order to evaluate the six integrals Eﬁ), Eﬁ), Eg), Eiz), Bﬁ), and

Bﬁ), it is necessary to shift the contour around the branch lines at
A= kg, A = k1, and A = k. The configuration of the poles and the
branch cuts is shown in Fig. 2. The main tasks in this section are to
determine the poles and to evaluate the integrations along the branch
cuts I'g, I'1, and T's.

The pole equation reads in the following form.

Y1 .72 m
) k:% k(Q) Zk:% an -y k%
2
— 7_}1 tany,h — 27—87—5 tan~yoltan~y h | = 0. (65)
kf kg k3

Comparing with the corresponding three-layered case as addressed
in [29], the pole equation becomes more complex. It will be analyzed
in the following four cases.

In the first case of positive real A with A\ < kg, then vg, 71, and o
are positive real numbers. Then, we have

N2 7
tanyol tanyih — i | —575 tan yal + —}1 tany;h | = 0. (66)
kiks ki

Y17 - 7072
kikg Kok

Obviously, no pole exists in the interval A < kg.
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A\ Y Y
- - » Re (M)
0 A x, N/

Ko K, K,

Figure 2. The configuration of the poles and the branch cuts.

In the second case with ko < A < k1, yo = iy/A2 — k3 = iv(, Y,
71, and 72 are positive real numbers. Then, we obtain

1Y mY2tanyel  ygretaneltanyih 72 tanyih _

Kokt K2k Kk K

0. (67)

The poles can be determined by (67).

In the third case with k1 < A < ko, 7 = i\/AN2 —k? = iy
(i=0,1). 7, 71, and 2 are positive real numbers. Then, we get

I ! / 12
MY . MY2tanyel 2 M 1o
_k%k‘% + 122 + pee tanyal tanh v} h — 5 tanh~;h = 0. (68)

The poles can be determined by (68).

In the fourth case with A > ko, v, = i\/A2 — k? = iv} (i =0,1,2).
Y6, V1, and 4 are positive real numbers. Then, we write
107
L

I A v
MY e !
-0 tanh y5l —
K2R R

2/
tanh 4l tanh | h — % tanh 1 h = 0.(69)
1

From (69), it is found that no pole existed in the interval A > ks.
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From the above analysis, it is concluded that the poles may exist in
the intervals kg < A} < k2, which can be determined by using Newton

method as addressed in [29]. Then, the integrals Eg) and ES) can be
expressed as follows:

2 wHo *\ _1yF .z 1 % "
E:Ep) = —4—]{:%262,()\])6 V1 H](- )(A]p))\ 2
J
) inzH(l) A )\2d)\ -0
8mwer /FO+F1+]_“2 Qe 0 (Ap) (70)
3 who *\ 1y z 1 % "
E%p) = WZP()\j)e M Hl( )()‘jP))\ 2
L
! iv1(2h—2) pr(1) 9
87w /r ATy 4T Pe Hy/ (Ap)A“dA. (71)
0 1 2

Q()‘j) = <—] -n ) (kfj cos 1jd+ k:2 tan’yljhsm%]d

’}/ *
k:2 } tan i cosyijd + iy k3 S >/q/()\ ) "
(% B %) ('2123 OS'YUd Z‘n*sin,ﬁjd)(l—itan’ﬁjh)
q(A})
2

'Y
q(\) = k1 tan’ylh—zk—%n tanyih + e

q\) = A{k‘l (2tan71h+h71 sec ’ylh)

nn* Y170
+ -
kikg

1
+k2k:2 (W tan vl tany1h + — tan Y2l tany1 h

Y072 h

+70l sec yol tan v b + tan vl sec? v h)

1 t l
+i—55 (W an +ﬂtanfygl+’yllse(:2’ygl>
kiks it V2

1 Yo ’Y1)}
s (2 75
kik? <’71 Y0 (75)

v = k=N i=0,1 (76)
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n* = —Z’Yg tan v 1. (77)
ka

Because both the integrands P(A) and Q()\) are even functions of
72, the integrals in (70) and (71) along the branch cut I'y are zero.
Next, we will evaluate the integrals in (70) and (71) along the branch
cuts I'y and I'g.

Taking into account the conditions of k1p > 1 and (z+d) < p, the
dominant contribution of the integral along the branch line I'; comes
from the vicinity of ky. Let A = k1(1 + i72), v, 71, and o at the
vicinity of kg can be approximated as follows:

Yo = /K = A2~ iy/kE — I3 (78)
1 = \Jk2 = M2 ~ 2kl T T (79)
o1 = kR = A2~k - K. (80)

Considering the case of interest that both h and d are not very large,
we arrive at the following expressions.

cosyi1d =~ 1; tan~vy;1h =~ ~v11h;  sinypid = y11d. (81)

Substituting (81) into (36), and neglecting the high-order terms of 711,
we have

I o1, o ;3
ik /K3 — k7 tan | /K3 — k3 (kﬁ l<:2 - kzh> Vae'
Q = 7—+ ;3T !

V2k3et T

where
k2 k:2
an \/k2 — k2. (83)
Let
ik11/k3 — k3 tan \/k§ — k2
APPM = PWES (84)
\/_k:
1 -
(b ) vac
5o _ \M K "2 (55)
PP k<701nh+ +’Y01)
U TR T 2k
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then, we write

i

8mwer Jry Qeiwszl)()\P)/\Zd/\
_ ;6;/;; /_ Qeivahe Frs Mi i(kap=3F) =k1rm k2 ok rdr
_ _wﬁ?kl 77:1 . (klp*??fﬁlz >/O;T(T+Appkl)
XBppkle_k1p< v )QdT. (86)

Considering the condition p > z, we find

2
oo eVt (87)

) Ky
ezk1p+7, 5

With the changes of the variable 7 =t 4 i—= ei%, we have

V2p
i w12 gD (Ap) A2
8mwer Jr, Qe 1 P)
wuokl 2 z'(ku 02+z2+§> /OO PRI
= —_— B t —_—
ar \ 7kip© ok +pre ’

b it T 4 A | e R g
\/_P PP 1)

B ’i(kl p2+z2+§> 1 [ 22 Z 3w
= e -B —t1| =5+ A el 4 .
2\/§7Tp ppk1 k1p 2/)2 ppk1 \/§p
(88)

Similarly, we have

G 3) G o) _(3-3) (4
A\ R K7 ey kTR 2

P =
701 Yiimi o 11701 .01 o1
P CTI PRCTIN
T Mt e 2" - k2 * e
3r (1
o V2T (—2 - mld)
Yorkie "4 ki
-\ V2 ‘ Y01 Yyor \ (89)
k —nih
1( Zk?o 1 +k:2+k:2k:2>



226 Liu, Li, and Pan

Let
_ Yorkie” T
qu/ﬁ = \/—kQ
= (1
\/56’37 <k2 - in1d>
B 1

pgk1 — .
7o1
kl( k% n1h+k2+k:2k‘2>
With the similar procedures, it is obtained readily.

—1

Pe =2 g (\p)A2dA

8mwey Jr,
WHO i (kiy/p?+(2h—2) +")
= o5 ¢ qu1
2\/_7Tp

1 n 22 1A Z sz
— +1 —e .
k1p 2p2 pak1 \/§p

In the next step, we consider the branch cut I'y. Let

2
ko (710720 tan vyl + 7—140 tan 710h>

A = kik3 k{
pko \/5 <’)’10 Y20 tan '}’IOh tan 720Z>
7.2 2
k k3
koe™ (’2120 no)
Bpko =

2
V2 (% —ing tan 710h>

[ <7<;1§ cos y10d —|— k: 0 tan ~Y10h sin ’ylod>
i

k2

2

’Ylo 10
— i—— tanyiph ]

( k2 ki

’710:@;
720:\/@;

<710 — ing tan ’710h) — i(siny10d — tanyi0h cos y10d)
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ng = —iL220 tan yaql. (97)
k3

Then, we write
i(sin Y10d—tan vyigh cos ’710d) ’ <7—120 —no)
kl BPk’O
Q= 710 A 58)
k:2 —ing tan~yioh T+ Apky
! QeWH(” (Ap)A2dA\
8mweq

_ iwito PALTEK (kop—32F / 22]{}3’7'6 kopr? pko _dr
87T/€2 Tkop T+ Appe’ e
— u),uoko 2(7102+koﬂ——) _B
B 471']4:2 wkop Pho
& )2
e’
x| ] / oo ekor™® qr . (99)
kop 7.2

Ake )2

In terms of the variable t = v/kop7, and use is made of the formula
(pp.609) in [37], the result becomes

i

Qe HM (Ap)AZdA

8mwer Jrg

wMOkO z(’ylonrkop ) 2
= _£H0M B
47Tk2€ wkop pho

Yo [ e )
ko ko Apk el 4 )2

wuok(] z(’ywerkop o ) 2
= ——B
Ak Thop PR

[\/%—i-m‘lpkoerfc (ei%\/mApko) ( +kopApk0)

Similarly, it is also obtained readily.

. (100)

—1

. k3 - 3
PeiCh=2) g (\p) A2\ = ZE0T0 cil o (2h—2) thop—4]
8mwer Jry € 1 2 477]{:% € !
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2 ™ P T +kopA
XquO“ W{)P |} / Kp+ﬁAqkoerfC(e 14/ kOpAko) ( qko)] (101)

where
V10720 tanyaol 3o
y kio (W + k4 tanfyloh (102)
qko
V2 <% — 7{220 tan vyioh tan’ml)
1

By = k:oe_ﬁTTr <7€120 cosy1od — Mg sin*ylod> - (1 —itan~yiph)
i
Yo 7o

2
ﬁ — zk—lng tan vyigh + k;% no — z k:4 tan’yloh

2
V2 (% —ing tan’yloh>
1

(103)

Substituting (88) and (100) into (70), we write

z(k p2+22+%)
Wwoe

2V/2mp

w * Z z * *
By = MOZQ A€ HED (X5 p) X5 +

2

B |: 1 + . z 37r :|
ppk1 k1p t 2 5+ Appky —=— \/—
w'uolzo i(y10z+kop—3F) 2 Bk, T
471']{,' 7T]{30p 0 kop
+im Apk, T P kg erfe (eig V k:opApko) ] . (104)

Similarly, Substituting (92) and (101) into (71), we write

i(k1/p2+(2h—2)2+ %)

Ef) = SRS PG B (3 p)x;? -

1p 4]{:% 2\/§7rp
1 A 22 Z sz
‘quk1 [Hp +1 (ﬁ + qu]ﬂ\/_—Qpel 1 > }
whoky h—2)4kop— 3T 2
il110(2h—2)+kop—2F] | = Bk,

47rk2 wkop
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o i 2= 4kopA2
X {, /kip + mAgp, erfe (e’Z Vi kopAqko) e ( e Tp qko)]- (105)
0

Considering the contributions of the residues of the poles and those
of the integrations of the branch cuts, the integrals E%z), Eg), B%),

and B§ ¢) can be expressed as follows:

2 W/L() * 1 * *3 _ x —
E%z) - 4k'2 ZQ )‘ Z’Yl]ZH( )()‘ ))‘3371]
1 iz —1g7(1)

— eME T HGY (Ap)APdA 106
o /F o, QT () (106)

B = —Z%ZP X)) B (s p) AT

1
- / P @2 1D (A p)A3dN (107)
8W61 To+T1+T
B2 = A5 Q0 (g,
ifo im1za—177(1) 2
1 1Ho / Qe HD (o) A2d (108)
87 Jro+T1+4T:
B = <L 30 PO BT D ()X
J

+2H0 / PemCh=2 g () AZdx. (109)
8T Jro+I4T

Because the evaluations of the integrals in (106)—(109) along the branch
cut I'y are zero, it is necessary to evaluate the integrations along the
branch cuts I'y and T'y.

Following the similar procedures, we arrive at the following
expression.

Z'LLO Q I,YlZH( )()\P))\Q 71d)\ _ Z,LL(]kl

87 Jry 8
/ Qezlﬁ\/_e 4 Tz 2 _Z . (klpf%)e—klm' 2’“?17‘ -
mhip V2Kl T
I{Z / _ _‘_ i37
- ZZOWI wkl o / Qe P vE" gy, (110)
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where
-3
nikie 1
Apky = A (111)
3r (1 Y01 Y01
\/56’34 ( 4+ i—5d — zh>
ko kg k3

(112)

Pk = ny . o1 Yo1
f (T4 0L 001,
1<k%+k%ka zka””)

With the change of the variable t = 7 — —% eisTﬂ, it becomes

V2p

. . 2
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Obviously, we can also get
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The integrals including the factor P in (107) and (109) along the
branch cut I'; can be evaluated readily. They are

YO [ pem@=2 g (\p) A2 dA

871 Jr,
’i/i()kl z e : 2 )2
— mBq,ﬂ (\/_—ZPel T Aq,ﬂ) etk1Vp?+(2h=z) (115)
1 .
S Jo APET I o)t
1
Wl z  sm ik1\/p?+(2h—2)2
= 7Bk ——¢eha —Ak ef1Ive (116)
471',0 qr1 <\/§,0 qr1
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ket T
Aqkl _ TJoiki€ 4 (117)
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/fl( k‘2 n1h+k2+k‘2k‘2>
With a similar manner in the evaluations of the integrals (70) and
(71) along the branch cut I'g, we can obtain

By, = (118)
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Here, Apr,, Agky> Bpky, and Bgy, are defined by (93), (102), (94),
and (103), respectively. Substituting (113)—(116) and (119)—(122) into
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(106)—(109), we have
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- i 2 4kopA2
x[, /kip+7rAqkoerfc(e’Z \/kopAqko)e (4 e qk())]- (126)
0

Using the above derivations and the results for the direct field
addressed in [8], the final completed formulas for the three components
are obtained readily. They are

WHO ik 14 z—d\ (iky 3 5 >
B — M0 ikiyo [ — T 3~ 7 3
1P(p7 ¢7Z) 47Tkle <7’1> ( 71 > ( T1 7’% klril))

+BD 4 BY (127)
Ev:(p,¢,2) = Z}W—A,geiklrl [% - % - %r:{’ - (%)2

. <’Lfll - :’% _ /jﬁ%) } +E? +EY (128)
Biy(p, ¢,2) = —%eiklrl (Z) (Zfll - é) + Bﬁ) + Bﬁsﬁ)' (129)

4. COMPUTATIONS AND DISCUSSIONS

From the expressions of the six integrals Eg) in (104), ES)) in (105),

B in (123), B in (124), B{) in (125), and By} in (126), it is
seen that the first terms of them are the sums of residues of the poles
Aj. The terms, which are contributed by the sums of residues of the

poles, are named the trapped surface wave. When ki < A} < ko,

= iw/)\;fz —k? is a positive imaginary number, that is to say,

the terms of the trapped surface wave including the factor eMi% will
)\’fz—kfz

attenuates exponentially as e V73 in the 2 direction when the
wave numbers )\;'f are between k; and ko. Evidently, it is also seen that
the terms of the trapped surface wave have not an attenuated factor
in the Z direction when the wave numbers )\j are between kg and k.

The wave numbers of the trapped surface wave are the poles A7,
which are determined by the operating frequency f, the thicknesses h
and [ of the two dielectric layers, the relative permittivity ey, of the
upper dielectric layer, and the relative permittivity es, of the lower
dielectric layer. The number of the poles A} can not be seen directly
from the pole equation. In this paper the poles A7, which are between
ko and ko, can be determined by using Newton method.

If assuming that both Regions 0 and 1 are occupied the air, it
is found that the factor P, which is expressed in (36), reduces to
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Figure 3. Electric field E, in V/m with f = 1GHz, €, = 2.65,
€2r:4, klh:5, k?gl:Q, and z =d = 0.

zero and the problem will reduces to that of the three-layered case.
For conveniences in evaluating the integrals including the reflection
coefficients () and P, in this paper the terms of the ideal reflected
wave are not separated with those of the lateral wave. Obviously, the
integrations along the branch cuts I'y and T’y includes the terms of
the ideal reflected wave and the lateral wave. When the conditions
kip > 1 and z 4+ d < p are satisfied, the lateral waves with the wave
numbers being kg and k1 can be excited efficiently. Evidently, it is seen
that the lateral waves propagate in Region 0 along the boundary z = 0
and propagate in Region 1 along the boundary z = h.

In Figs. 3-5, for the components F1,, the total field, the trapped
surface wave, and the DRL waves, which include the direct wave,
the reflected wave, and the lateral wave, are computed and shown
in three cases of z =d =0, k1z = k1d = 0.5, and ki1z = kid = 0.75,
respectively. In Figs. 7-9, the similar results for the components E1,
are computed and shown, respectively. In Fig. 6, the total field for the
component F7, is computed and shown in three cases of z = d = 0,
kiz = kid = 0.5, and ki1z = k1d = 0.75, respectively. Similar graphs
for the components E, are shown in Fig. 10. Computations show that
there is a significant contribution from the trapped surface wave for the
total field in the four-layered region when both the dipole point and
the observation point are located in the upper dielectric layer under
the air.
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Figure 4. Electric field F, in V/m with f = 1GHz, €, = 2.65,
€2 = 4, klh = 5, ]Cgl = 2, and klz = kld = 0.5.
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Figure 5. Electric field F, in V/m with f = 1GHz, €, = 2.65,
€ar =4, k1th =5, kol = 2, and k12 = k1d = 0.75.
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Figure 6. The total fields E, in V/m with f = 1GHz, ¢, = 2.65,
€or =4, k1h =5, kol = 2 at three cases of z =d =0, k1z = k1d = 0.5,
and k1z = k1d = 0.75.
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Figure 7. Electric field E, in V/m with f = 1GHz, €, = 2.65,
€ =4, kith =5, kol =2, and z =d = 0.
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Figure 8. Electric field E, in V/m with f = 1GHz, €, = 2.65,
€9 = 4, k‘lh = 5, k'gl = 2, and klz = k‘ld =0.5.
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Figure 9. Electric field E, in V/m with f = 1GHz, €, = 2.65,
€or =4, k1h =5, kol = 2, and k12 = k1d = 0.75.
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Figure 10. The total fields £, in V/m with f = 1GHz, €1, = 2.65,
€or = 4, k1h =5, kol = 2 at three cases of z=d =0, k1z = k1d = 0.5,
and k1z = k1d = 0.75.

5. CONCLUSIONS

In the above derivations and analysis, the completed formulas have
been derived for the electromagnetic field generated by a vertical
electric dipole in the four-layered region when both the dipole point
and observation point are located in the upper dielectric layer under the
air. It is noted that the wave numbers of the trapped surface wave are
between kg and k9 and those of the lateral wave are kg and k;. The
computations and discussions show that the field components in far
regions are determined primarily by the terms of the trapped surface
waves in the four-layered region. Evidently, the results obtained can
be reduced to those for three-layered case as addressed in [29] if we
assume kg = k.
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