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Abstract —A generalized method for calculating both radiation and
surface-wave losses is developed for microstrip discontinuities. The
losses are determined by a rigorous Poynting vector analysis where the
current distribution over all the microstrip discontinuities is a result of
a full-wave moment method solution. A self-consistency check of the
results based on power conservation is performed to confirm the numer-
ical results. It is found that above a certain frequency, the surface-wave
loss becomes more important than the radiation loss.

]. INTRODUCTION

ADIATION and surface waves are unavoidable

physical effects of microstrip discontinuities in an
open structure. In recent years, a full-wave analysis that
includes these physical effects has been developed for
various microstrip discontinuities [1]-[4]. Although both
radiation and surface waves are included, the analysis
only provides the total normalized losses by subtracting
the sum of the square of the absolute value of scattering
coefficients from unity. In the analysis of printed circuit
antennas, the method of moments is often employed to
find the currents in the microstrips and subsequently the
input impedance [5]-[7]. A distinction can be made be-
tween the radiated and surface-wave powers by their
contributions to the input resistance. In the moment
method formulation the impedance matrix elements are
expressed in terms of integrals representing the reaction
between two expansion modes. If the microstrips and the
ground plane are assumed to be perfect conductors and
the substrate is lossless, the radiation resistance depends
on the real part of the integrands while the surface-wave
resistance depends on the residues of the contour inte-
gral. If no interaction between the radiated and surface
waves is assumed, one can compute the resistance, and
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therefore the power, due to each wave by deleting the
contribution in the integral from the other [8]-[10].

The aim of this work is to develop a rigorous approach
to distinguish between radiation and surface-wave losses
in a variety of microstrip discontinuities. From the theory
of printed circuit antennas [11], [12], the radiated space
waves are spherical waves in the hemisphere above the
substrate, while surface waves are cylindrical waves guided
along the planar direction of the substrate that decay
exponentially toward free space. Once the currents on the
microstrip are known, the time-harmonic fields can be
computed. The powers due to radiation and to surface
waves can therefore be calculated separately through a
rigorous Poynting vector analysis. The power balance
concept is then used to delineate the numerical errors
involved. In this paper, the current distribution over all
the microstrip discontinuities is treated in terms of a
number of infinitesimal dipoles continuously distributed
on each interface of the dielectric layers. The fields from
radiated space waves and surface waves can be obtained
by superposition. As a result, the losses due to radiation
and surface waves can be evaluated individually by per-
forming the surface integral of the Poynting vector associ-
ated with each loss.

II.  ANaLYsIS
A. Plane Wave Spectrum

In the Green’s function formulation, all field compo-
nents can be expressed in terms of the dyadic Green’s
function and the current distribution. The spectral-
domain electromagnetic fields are the vector product of
spectral-domain dyadic Green’s function and the Fourier
transform of the microstrip currents. The space-domain
electromagnetic fields can be obtained by taking the in-
verse Fourier transform as

F—‘I)(xay7z)=fjo foo ZF?”(kx’ky’Z)
Rl

Tk ke Rre Ry gk die, (1)

where F,, and ]; are the spectral-domain dyadic Green’s
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Fig. 1. Microstrip discontinuity in a two-layer structure.

function and the current distribution respectively for a
two-layer structure (shown in Fig. 1). F may represent
either the electric field, E, or the magnetic field, H. The
subscript i identifies different regions, i = 0,1,2, while the
subscript j identifies different microstrips, j=1,2. The z
dependence of the spectral-domain Green’s function can
be further expressed as

Fokoik,,2) =E(k, k,)cos kyz +Eglk,, k,)sink .2
(2)

where k_, =/k? — kI — k] and k, = wy/po€pe,, . Due to

the presence of x- and y-directed currents, the functions
;C — —

F{, Fj, and J,, when expressed in matrix form, are

e, s e, s
P'zjxx thxy
c,s.. | ¢S e, s
F‘ij - F‘ijyx Fijy)’ (3)
e, s e, s
FL}zx Fijzy
and
= |
i=11 (4
J.

J

The electromagnetic fields near the discontinuities are
quite complicated. If the observation point is chosen far
away from the discontinuities, the field expressions can be
greatly simplified. In addition, these far fields can be
classified according to the propagating properties as three
types of waves, i.c., radiated space waves, surface waves,
and microstrip propagating modes.

B. Radiation Loss

The radiated space waves propagate upward from the
top of the dielectric layers into free space. Therefore, the
normal component of k in free space has to be real; thus
k2 + k2 < k2. In addition to the radiation condition, where
an e ~%:0° yariation is assumed, the radiated fields can be
determined by enforcing the above restrictions on .
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Fig. 2. Integration plane for calculating radiation loss.

The expression is
Fr(x7y7z) =[L§+k5<k%zj:Fg](kx’ky)

'J;(kx, ky)e—jkzoze—Jkgxe*‘jkyY dkx dky (5)
where

F#w(kx,ky’ Z) =F~:&(kx, ky)e‘“./kzoz — j?é(kx, ky)e—szoz‘
(6)

The radiation loss can be further calculated by perform-
ing the surface integral of the Poynting vector associated
with the radiated space waves in the z direction. The
integration plane is chosen as an infinite plane 3 (shown
in Fig. 2) in free space above the microstrip circuits. The
surface integral is given as

1 L,

Pog= ERJ/;(E, X H*)-2dxdy. (7)
Substituting (5) into (7), the integration over the xy plane
can be converted into an integration over the k k, plane.
Besides, the integration range of k, and k, is restricted
to k2 + k2 <k owing to the specific properties of radi-
ated space waves. The spectral-domain expression for
radiation loss is

P =2 Zf/ e 7 e T
rad T k3+k3<k(2, ;EOJXXJ])C + ?EOnyij

-~ o~ ~ ~ *
) [ZHOJnyix + E 5jyyjjy} dk, dk,
j j

~27f[ ¥ Egy i+ LBy,
k3+k§<k§ I 0jyxvix ; Oyyy*iy

~ ~ -~ ~ %
[}: Ao+ ZHg}ny,.y} dk,dk,.  (8)
J

J
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C. Surface-Wave Loss

The electromagnetic fields due to an elemental current
source embedded in a multilayer structure can be ex-
pressed in terms of a Sommerfeld-type integral [11]. Sur-
face waves in this structure can be obtained from residues
of this integral. With a similar approach, surface waves
for arbitrary microstrip discontinuities can also be found
from the residues of inverse Fourier integrals defined as
(1). After transforming into polar coordinates, (1) can be
written as

Fp.0.2)= [ [TEE,(0,0,2)
J

T (X,0)e s D) dagdr  (9)

where
F,(X,0,2) =F5(A,0)cosk. z+FS(/\ 8)sink,,z (10)
=Vkitk; (11)
p=Vx’+y? (12)
k,=AcosO (13)
k,=Asin® (14)
x=pcos¢ (15)
=psin¢ (16)
and
k,=vk:—A. (17)
After applying the Fourier series
LEA0)-J(1,0)= X FO(A,n)e™™ (18)
i n=-—om
LE(A,0)J(1,0)= Y E(An)e™ (19)
j n=—o
and the identity
[*Termesteos =9 dg — 2mjreiny (£)  (20)
0

the integration in (9) with respect to 6 is simplified as

F(p,$,2)=2m Z (=) ’”“’ff()tp)

n=—o
~[Ff"(/\,n)cos k_,z+ F*%(A,n)sin kzzz])\d/\. (21)

In (21) the surface-wave poles come from the poles of Feo

and F*0 as A = A,, p=1,2,3,---. The residue contribu-
tions from these surface-wave poles determine the sur-
face-wave fields. Since surface waves behave like outgoing
traveling waves when p is much larger than the size of the
entire microstrip circuit, J,(Ap) in (21) can be replaced by
HP(\p), whose asymptotic form for large argument can
be employed. From the Cauchy residue theorem, the
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surface-wave fields are

E(p,$,2)
Z Z ‘/‘e —iAppp—i(nd = /4)

p on=-

=—j27?

~[I~:f’(/\p,n)cos klz+ I':,sr(/\p,n)sin k;z] (22)

where
E(r,,n)= lim (A=A, )F(A,n) (23)
A=A,
EFr(A,,n)= lim (A—A,)F(A,n) (24)
A=A,
and
ki, =k2—X%. (25)

With the specific characteristic that surface waves
propagate along the surface, the surface-wave loss can be
found by integrating the Poynting vector over a cylinder
(shown in Fig. 3) of large radius p with height extending
from the ground plane to infinity. The surface integral is

given as
w173

Since surface-wave modes are orthogonal [13], the total
power due to surface waves is equal to the summation of
the power for each surface-wave mode. Substituting (22)
into (26), the expression for the surface-wave loss is

E,x H3)-ppdpdz. (26)

P 4L S0 { )

n=-—ow
Z e—jnq&[_jlcr(AP’

n)}*}dqb
cip || T e,

= —00

i e—fn¢I_Zsr(Ap’n)}*} do

Z e_’"d’Ef’(Ap,n)}

+ Ii“fozrﬁ’{[
Y e—md)]_jicr(/\p,n)]*} d

n=—c

+ 1“/0 {L;me—wE”(Al,,n)]

X

(27)

¥ e—1n¢ﬁlsr()\p,n):|*} d

n=—w

where I¢¢, I, I’, and I° are the integrations with
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Fig. 3.

respect to z for region i. These integrations are given as

Ii“=fcos kl;z(coskl;z)*dz (28)

Il.“=fcos kl,z(sinkl;z)*dz (29)

I,-“=fsin kl,z(coskl,z)*dz (30)
and

I;‘S=fsin ki, z(sink7,z)*dz. (31)

The integrations with respect to ¢ in (27) can be further
evaluated in closed form. For example,

i

> e"”¢EC’(AP,n)]

no=—00

i e—jndbl_zcr()\p,n)]*} d¢

n=—ow

= L E5(hn)

[ (r,n - 1)+H”(Ap’”+1)]*
tir ¥ EZ(n)
'[Hﬁﬁwn—1)~H”“w”+1ﬂ

E”(/\p,n)

n=—aw

[HC’(Ap,n 1)—H (A, n+1)]"

- Z Egr(A,,n)

n=—w

JH (A n=1)+ H(A,,n+1)]*. (32)

Instead of directly evaluating the Four_i)er coefﬁcients in
(18) and (19), it is much easier to find £ and F*" in (23)
and (24) if an interchange of the Fourier transform with a
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residue calculation is made as follows:

. .00

; Alin}plij(A,o) J(A,0) = ngwé”(/\p,n)e—f"f’ (33)
L i B0 S0 = B E7 (e (34

D. Incident, Reflected, and Transmitted Powers

If the reference planes are selected far away from the
discontinuity, the currents on the microstrip line are as-
sumed to be uniform transmission line currents which,
when expressed in the spectral domain, are

— BTn(k,)+ T8 (k, + B) Talk,)
(35)

fl(kx’ky) = a(kx

and

Jz(kx>ky)=T5(k - Bx)J 2(k )
where g, and ftj are the propagation constant and the
transverse dependence of currents in the spectral domain,
respectively, for microstrip transmission line j, j=1,2.
These characteristics can be determined by Galerkin’s
method applied in the spectral domain [14], [15]. Substi-
tuting (35) and (36) into (1), the fields due to these
propagating modes can be reduced to the integration with
respect to k, only. For example, the transmitted wave

(36)

fields are

F;i(x9Y7Z~) =T/_ E(.Bz,ky,z) .

T(By. ke Pre iy gk (37)

The calculation of the incident, reflected, and transmitted
powers, which is identical to the frequency-dependent
method of computing the characteristic impedance of a
microstrip transmission line [15], [16], can be performed
by integrating the Poynting vectors associated with these
propagating modes. As a result, these powers in terms of
scattering coefficients and characteristic impedance are
expressed as

Z
I)inc= 2 (38)
ref [F|2 (39)
P, = |T|2 (40)

where Z,; is the characteristic impedance of microstrip
transmission line j, j=1,2. The reflection and transmis-
sion coefficients (I" ‘and T) are obtained by a rigorous
moment method analysis-of the discontinuities. This anal-
ysis is described -in [17].
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Fig. 4. Plane wave spectrum for the far fields.

TABLE 1

PowER CONSERVATION CHECK FOR A GAP DISCONTINUITY

(PARAMETERS AS IN FIG. 7)

;;;;e;; Total | Reflected | Transmitted | Radiation | Surface-wave
(GHz) Power .| Power Power Loss Loss
16 0.9992 ’ 0.9611 0.0070 0.0187 0.0124
18 0.9991 |  0.9456 0.0113 0.0234 0.0188
20 1.0037 | 0.9293 0.0181 0.0287 0.0276
22 1.0044 | 0.9045 0.0270 0.0342 0.0387
24 1.0057 | 0.8764 0.0366 9.0403 0.0524
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Fig. 5. Power losses versus frequency for an open-end discontinuity
(e, =10.2, w = 24 mil, i = 25 mil).
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E. Power Conservation

Since only traveling waves exist far away from the
discontinuities, the plane wave spectrum for the far fields
can be approximated well by a combination of the spec-
trum for radiated space waves, surface waves, and propa-
gating modes. An example of the spectrum for the config-
uration of Fig. 1 is shown in Fig. 4. From the field
expressions (5), (22), and (37), for radiated space waves,
the plane wave spectrum under the restriction k7 + k2 <
k§ corresponds to a range within a circle with radius k.
For the surface waves, the plane wave spectrum corre-
sponds to circles with radii equal to the surface-wave
poles A,. For a propagating mode propagating in the
x /'y direction, the plane wave spectrum corresporids to
the line perpendicular to the k, /k, axis with intersection
equal to the propagation constant §;. An inequality relat-
ing ky, A;, and B, is

ko<A,<p; for all p,j. (41)
It is seen from Fig. 4 that the spectra for all waves are
mutually exclusive, which implies that mode orthogonality
holds. Therefore, the total power can be expressed as the
summation of the individual powers. Owing to power

§ Total loss
t; Radiationloss .. ._.._.
=
& 6 Surface waveloss _ _ _ _-
~—
) ’
3
44
2
0 T T T T T T

10 12 14 16 18 20 22 24

Fig. 6. Power losses versus frequency for a right-angle-bend disconti-
nuity (e, = 10.2, w = 24 mil, & = 25 mil).

conservation, the relation for the powers is
Py.=Py+ P+ Py +P. .

tra sur

(42)

An example of the power conservation check is shown in
Table I for the gap discontinuity (shown in Fig. 7). The

-incident power is normalized to 1. The total power, which

is the summation of the reflected, transmitted, radiated,
and surface-wave powers, should be equal to 1. The
results in Table I show excellent agreement.
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Fig. 7. Power losses versus frequency for a gap discontinuity (e, = 10.2,
w =24 mil, &= 25 mil, G = 24 mil).
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—_ - /
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Fig. 8. P_ch‘r losses versus frequency for overlay EMC lines (e, = 2.2,
€,=102, hl=25 mil, A2=25 mil, wl=42 mil, w2=76 mil,
ovl = 83 mil).

~ III. NumericAL RESULTS AND DIsCUSSION
Figs. 5-8 show examples of the pércentage of radiation
loss, surface-wave loss, and total power loss as a function
of frequency for open-end, right-angle-bend, gap, and
overlay electromagnetically coupled lines (EMC lines) re-
spectively. It is seéen that the losses due to both radiation
and surface waves increase with frequency. At low fre-
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Fig. 9. Power losses versus frequency for a stub discbntihui'ty (e,=10.2,
w =24 mil, k=25 mil, L =72 mil).
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Fig. 10. Powér distribution versus frequency for a fectangular patch
antenna (e, = 2.33, wl = 50 mil, & = 62 -mil, w2 = L = 500 mil).
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quencies, the losses are mainly due to radiation. When
the frequeticy increases, surface-wave loss increases faster
than the radiation loss. Above a certain frequency, the
surface-wave loss is more significant. than the radiation

‘loss. Fig. 9 shows the losses of a stub discontinuity. It is

noted that both radiation loss and surface-wave loss drop
near the resonance. Fig. 10 shows the power distribution
for a rectangular patch antenna. It can be seen that the
radiation efficiency at resonance is about 65% around 7.2
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GHz, with about 10% surface-wave loss and 25% return
loss. The trends of both losses can be deduced from two
sets of parameters—the material parameters and mi-
crostrip parameters, In this formulation, dyadic Green’s
functions include material parameters such as the dielee-
tric constant and thickness of each dielectric layer while
the current distribution includes such microstrip parame-
ters as the microstrip dimensions and discontinuities. The
microstrip currents are composed of the transmission line
currénts and the local currents distributed near the dis-
cdntinuities. In the spectral domain, transmission line
currents behave as a delta function and make no contri-
bution to the losses, while the local currents with a much
broader spectrum contribute. to the losses. For such’ dis-
continuities as open-end, right-angle-bend, gap, and EMC
lines, the local currents are restricted to quite a small
area near the discontinuities, which corresponds to a very
broad spectrum. The loss trends will be similar to those of
an infinitesimal dipole [11] whose spectrum is a constant.
In such cases, the material parameters will become the
dominant factors in determining the losses. However, for
such discontinuities as the stub line and rectangular patch,
resonance occurs at acertain frequency. The local cur-
rents on the entire resonant length under the resonance
condition correspond to a relatively narrow spectrum and
caus¢ much deviation from the loss mechanism of an
infinitesimal dipole.

IV. CONCLUSIONS

A generalized method for distinguishing between power
losses due to radiation and surface waves is presented.
The power loss mechanism of such microstrip discontinu-
ities as open-end; right-angle-bend, gaps, stub lines, EMC
lines, and rectangular patches has been investigated. This
method should aid in computer-aided design for minimiz-
ing power losses launched into radiated space waves and
surface waves from arbitrary microstrip discontinuites and
maximizing the radiation efficiency for patch antennas.
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