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Abstract —This paper presents a convenient method for evaluating

radiation loss from microstrip discontinuities. The multiport network

model is used to find voltage dM-ibutions around discontinuity edges,
and an equivalent magnetic current model is used to compute the

resulting radiation fields. As an example, the results show that for a 90°
bend in a 50 Q line on a llS-mi14hick snbstrate with E,= 2.2, the

radiation loss is 0.1 dB at 30 GHz. Typical power levels radiated by

several other discontinuities are reported. The analysis model is verified
experimentally by fabricating microstrip resonators with discontinuities
incorporated therein and making measurement of Q factors of these
resonators.

I. INTRODUCTION

B ECAUSE of the open nature of the microstrip configu-
ration, hybrid and monolithic microwave circuits suffer

from radiation originating at various geometrical discontinu-
ities. Two consequences of this radiation phenomenon are
additional signal loss in the circuit and undesired interac-
tions between different parts of the circuit because of exter-
nal electromagnetic coupling. These phenomena become sig-
nificant in two different situations. First, when attempts are
made to increase circuit density in monolithic microwave
circuits, more bends and other discontinuities are introduced
and spurious electromagnetic coupling increases consider-
ably. Second, in microstrip antenna arrays, relatively thicker

substrates are used and the feed network printed on the
same substrate can result in substantial spurious radiation,

Estimates of the radiation loss from microstrip discontinu-
ities have been calculated previously [1]-[6]. Most of these
results are based on the Poynting vector method, developed
by Lewin [1]. In this approach, a line current located at the
middle of the microstrip line is taken as a source of radia-
tion. Thus the method. is applicable primarily to narrow
microstrip lines. It has been applied to a 90° bend, a step
discontinuity, an open end, a line terminated in an
impedance, and_ a matched symmetrical T junction, The
approach is not easily extendable to the more complicated
geometries found in practical microwave circuits,
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Full-wave analysis has been used [7] to calculate radiation
conductance of an open-circuited microstrip line. Full-wave
analYsis methods and software are available for characteriza-

tion of microstrip discontinuities. These analysis include
radiation effects also. The power radiated from a discontinu-
ity may be evaluated from the computed S parameters
obtained for otherwise lossless configurations (zero conduc-
tor and dielectric losses). However, evaluation of power
radiated from the computed S parameters requires a high
numerical accuracy of the computed results. Accurate calcu-
lation of S parameters up to the fourth decimal place
require a large CPU time; therefore radiation loss values
based on full-wave analysis are not widely available.

The present paper presents a convenient method for esti-
mating radiation from microstrip discontinuities of general-
ized shapes. A planar multiport network model of the dis-
continuity configuration and the segmentation method are
used to evaluate the voltage distribution around the edges of
the discontinuity. This voltage distribution is expressed as an
equivalent magnetic current line source distribution which is
used to calculate the far-zone field (for radiation loss).

This approach is suitable for inclusion in microwave CAD
packages. Numerical results have been obtained for radia-
tion from bends, steps, and T junctions and are found to be
in reasonable agreement with the Poynting vector method
results wherever available,

II. MULTIPORT NETWORK MODELING OF

MICROSTRIP DISCONTINUITIE$

Multiport network modeling of microstrip discontinuity

configurations [8]-[11] is based on the parallel-plate wave-

guide model ‘[12] for microstrip lines. A similar network
modeling approach has been used earlier for analysis of
microstrip patch antennas [13] and for calculating mutual
coupling between microstrip patches [14],

A. Multiport Network Model for Evaluating Edge Voltages

In order to evaluate the external fields produced by a
microstrip discontinuity, we first obtain voltages at the edges
of the microstrip discontinuity structure. A multiport net-

work model ‘similar to that developed for microstrip patch
antennas [13], [14] is employed. For implementing this
method, we add a number of open ports at the edges of the
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Fig. 1. Multiple ports located at the edges of the microstrip disconti-

nuities.
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Fig. 2. Typical voltage distribution at the edges of a microstrip cham-
fered bend (voltage amplitude in volts, phase in degrees). e,= 2.2

h = 0.254 mm; 20=50 0; ~= 10 GHz.

planar model for the discontinuity structure from which the
radiation is being evaluated. This is shown in parts (a) and
(b) of Fig. 1 for a right-angled bend and a compensated
right-angled bend, respectively.

Lengths of transmission lines on two sides of the junction
are taken large enough so that the higher order evanescent
modes produced by the discontinuities are damped at the
locations of external ports 1 and 2, The circuit behavior is
simulated by terminating port 2 in a matched load and
adding a matched source to port 1. Voltages at the N ports
at the edges are computed by using the following procedure.

i)

ii)

iii)

iv)

The configuration is broken down into elementary
segments, connected together at the interfaces by a
discrete number of interconnections.
Z matrices for each of these elementa~ segments are
evaluated by using the Green’s function approach for
individual geometries.
Individual Z matrices obtained in (ii) are combined by
using the segmentation formula.
The overall multiport Z matrix is used for calculating
voltages at the N edge ports for a unit current input a;
port 1.

Edge voltages in typical cases of a chamfered bend and
step junction are shown in Figs. 2 and 3. As mentioned
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Fig. 3. Voltage distribution at the edges of a step iunction when the
input power is fed from a 70.7 Q line. e, = 2.2, h = 0.254 mm,
ZI = 70.7 Q, 22=50 Q, ~ =30 GHz. Voltage magnitude in volts, phase
angle in degrees.

earlier, a somewhat similar approach has been used for
designing microstrip patch antennas [13]. The only distinc-
tion in the latter case is the use of edge admittance networks

(containing equivalent radiation conductance), which are
connected to the edge ports. Because of the nonresonant
nature of the microstrip discontinuity structures, the radiated
power is small and the edge voltages may be assumed to be
unaffected by the radiation conductance involved. However,
when the radiated power is greater than – 10 dB, radiation
conductance networks are added to ports along the edges
and iterative computations are carried out for evaluating
voltage distributions along the edges and radiation fields.

B. Evaluation of the Radiated Power

Voltages at the discontinuity edges are represented by
equivalent magnetic current sources as shown in parts (a)
and (b) of Fig. 4. Each of the magnetic current line sources is
divided into small sections over which the field may be
assumed to be uniform. The amplitude M of each of the
magnetic current elements is twice that of the edge voltage

at that location, and the phase of the magnetic current is
equal to the phase of the corresponding voltage. The total
radiation is computed using the superposition of the far-field
radiated by each section. Referring to the coordinate system,
shown in Fig, 5, the far-field pattern F(O, ~) may be written
in terms of voltages at the various elements. With the voltage
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Fig. 5. Coordinate system forexternal field calculations.

at the ith element as(hli)eja(i)), we have

where

(
kow( t) ~os ~

sin —
2

F1(e, @) = )
k[)W(i)

sin 9

— Coso
2

ye(i) = X()(i) sin Ocos + + Y[j(i)cos O

and N is the ,number of ports, X&) and Y[~(i) specify the
location of the ith magnetic current element, kc) is the free
space wavenumber, and W(i) is the width of the ith element.
The factor of 2 in (1) accounts for the image of the magnetic
current with respect to the ground plane.

The radiated power is calculated by the integration of the
Poynting vector over the half space and may be written as

The fields EO and Ed are expressed in terms of F(O, d) as

(3)

(4)

where

FO=–sino’cos 6coso+cos8 cos9sino +sin8cos~’sin0

(6)

and

cos6’= sin Osinosin 8 +cos Ocos13 (7)

COS4’= sin Ocos 4/FZFF. (8)

The radiated power may be expressed as a fraction of input
power as 10 loglO(P, /Pi) dB. The radiation loss may be
expressed as

()P,
Radiation loss (dB) =10 log lo 1 – ~ (9)

6

where Pi is the input power at port 1. Pi is calculated from
input current and the input impedance of the discontinuity
terminated in matched loads at other ports.

III. COMPUTATIONAL DETAILS

For rectangular planar segments, the single summation
formulation of impedance matrix elements [15] is used. The
number of terms needed for the convergence of the summa-
tion was found to be around 100.

The Z-matrix elements for sections of lossless (or low-loss)
transmission line with lengths equal to multiples of a half-
wavelength become infinitely large, So these line lengths
should be avoided, Also, for quarter-wave sections, some of
the Z-matrix elements become zero. Thus, for numerical
accuracy, it is advisable to avoid quarter-wave sections also.
The length of each section on either side of the discontinuity
should be greater than twice the width of the microstrip line,
This allows the higher order evanescent modes to be extinct
at locations of the external ports (1 and 2 in Fig. 1). Also, it
is found that to obtain accurate results, the width of the
ports at the edges should be less than 0.075 wavelength.
Computed results for different widths of interconnected ports
have been studied and it is found that the optimum width of
interconnected ports is about 0.05 wavelength.

In order to identify the regions of the discontinuity config-
uration that contribute dominantly to the radiated power,
several computations were performed by taking different
regions around the discontinuity, These computations show
that in most of the cases the greatest contribution to the
radiated power is from the ports in the region of the discon-
tinuity itself.

IV, NUMERICAL RESULTS

A. Radiation from a Right-Angled Microstrip Bend

Results for the power rddiated by the 90° bends (for 2,0 Q
and 50 (1 lines on ~,= 2.2, h = 0.254 mm, and for a 50 Q
bend on 127.1-~m-thick GaAs substrate) normalized with
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Fig. 6. Normalized radiated power from a right angled bend (MNM:

multiport network model; PV: Poynting vector method [1]).
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Fig. 7. Normalized radiated power from a step (MNM: multiport

network model; PV: Poynting vector method [1]).

respect to the input power are shown in Fig. 6 for frequency
ranges from 10 to 40 GHz. These results are in good agree-
ment with results based on the complex Poynting vector

method [11, which are also plotted in Fig. 6. The radiation
loss at 40 GHz is 0.0062 dB for a 50 Q line bend on a
127.1 -~m-thick GaAs substrate (~, = 12.9). The values for
radiation loss from a 90° bend in 50 Q line on a substrate
with ~, = 2.2 at 30 GHz and 40 GHz are 0.1 dB and 0.17 dB,
respectively. A sample check on radiation from a chamfered
bend yielded radiation loss of the same order as from an
uncompensated bend. These results point out that in some
applications radiation from bends may need to be taken into
account for accurate circuit design.

B. Radiation from a Microstrip Step Junction

Power radiated from a step junction discontinuity, with a
change in impedance from 50 0 to 10 Cl, on ~r = 2.2
substrate with a thickness of 0.79 mm is plotted in Fig. 7. A
similar computation for a 50 0 to 70.7 Q junction (at 30
GHz, .s, = 2.2, thickness 0.254 mm) yields a normalized radi-
ated power of – 24.8 dB when the input power is fed from
the 50 Q line and – 33 dB when the input is from the 70.70
line, These numbers correspond to radiation loss values of
0.0143 dB and 0.00217 dB respectively. This asymmetric
nature of the radiation from a step discontinuity is under-
standable. When the input wave is incident from the wider
line, the reflection from the junction produces fringing fields
similar to that at the radiating edge of a rectangular mi-
crostrip patch antenna. Hence, there is increased radiation
loss in this case.
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Fig. 8. Normalized radiated power from a T junction (MNM: multi-
port network model; PV: Poynting vector method [1]).
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Fig. 9. Normalized radiated power from a 20 Q open-end stub.

C. Radiation from a T-Junction Discontinuity

Computed results for power radiated from a T junction
(50 0 main line with a 35.35 fl branch line on a 0.79-mm-
thick substrate with c, = 2.2) are shown in Fig. 8. The
radiation loss for the input power incident from a branch
line is 0.18 dB at 12 GHz. It is found for such a T junction
that most of the contribution to the radiation losses origi-
nates from the region of the junction. Poynting vector method
results are also shown in this figure. It may be noted that
radiation from a T junction is also significant enough to be
taken into account. This becomes very relevant when a
corporate-feed arrangement is used for feeding arrays of
microstrip patch antennas because a large number of power
dividers employed in such situations use T junctions.

D. Radiation from a 200 Open-End Stub

Power radiated from a 200 stub, quarter wavelength at
10 GHz, connected to a 50 Q line on a e, = 2.2 substrate
with thickness of 0.254 mm is plotted in Fig. 9. The physical
length of the stub is a multiple of a quarter-wavelength at
10 GHz and at 30 GHz. Because of open-end and junction
effects, the resonance frequencies are shifted to 11.3 GHz
and 33 GHz respectively. The radiated power at 11.3 GHz is
– 1,6 dB and at 33 GHz it is – 0.9 dB. Since the radiated
power is high in this case, we used the iterative procedure
described in subsection H-A to check the convergence of
edge voltages, It may be noted that the radiation from a
20 Q quarter-wavelength open-end stub is significant and
should be taken into account in designing microstrip circuits
and antennas.
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Fig. 11. Normalized radiated power from an asymmetric gap disconti-
nuity.

E. Radiation from a Gap

Results for power radiation from a gap discontinuity are
not available in the literature. In this paper, the multiport
network model is employed to evaluate radiation from gap
discontinuities also. Electric field coupling in the gap region
is modeled by a lumped network as shown in Fig. 10. The
lumped network is derived from the capacitance matrix of
the gap discontinuity. Capacitances for the gap discontinuity
are obtained, from equations given in [16]. One cell of the
gap network section shown in Fig. 10 may be represented by
the Y matrix given by.

[

Cl+cg –Cg
[ycl=j~ _c

C*+ CgI=jo[Cg]. (lo)
1?

For the total lumped network with n ports on each side,
each for the four terms in [Cg] becomes a diagonal submatrix

(of size n X n) with nondiagonal terms equal to zeio. The
corresponding impedance matrix may be written as

z~ = Y; ‘=(j~[cg])-’. , (11)

Power radiated from an asymmetric gap discontinuity

(change in impedance from 48 Q to 32.8 Q width of the gap
equal to the height of the substrate 0.635 mm, ~, = 10.4) is

(a) (b)

Fig. 12. (a) A bent resonator, (b) A linear resonator.

plotted in Fig. 11. The radiation loss values (for input power
incident from the 48 ~ line) are 0.164 dB and 0.785 dB at
4 GHz and 12 GHz, respectively. It was found that the
radiation loss from an asymmetric gap and a symmetric gap
are almost equal since the contribution of the magnetic
current element at the edge of the input line in the gap
region is dominant.

V. EXPERIMENTS TO VERIFY RADIATION FROM

MICROSTRIP BENDS

A. Design of Experiment

Since the actual radiated power levels are too small to be
measured accurately, the scheme that was explored for ex-
perimental verification of radiation loss from microstrip
bends consists of four gap-coupled resonant structures, simi-
lar to the two shown in parts (a) and (b) of Fig, 12, These
resonators are short-circuited at the two ends so that the
radiation from the open ends does not dominate the total
radiation loss. The first bent resonator is approximately 2,5
wavelengths long and the bend is located at the voltage
maximum, On the other hand, the second bent resonator is
two wavelengths long, and a voltage null (or minimum) exists
at the bend. The structure in Fig, 12(b) represents linear
resonators of two-wavelengths-long and 2.5-wavelengths-long
straight microstrip lines. The transmission line impedance
was selected as a compromise between enhancing the radia-
tion from the bend discontinuity and reducing the reflected
power from the discontinuity. From a radiation point of view
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TABLE I
COMPARISON OF MEASURED AND CALCULATED RESONANT

FREQUENCIES

Resonator
Type ~r measured (GHz) ~Ycalculated (GHz) A~ (GHz)

2A linear 9.675 9.97 0.295
2A bent 9.91 10.1518 0.2418

2.5A linear 9.585 9.87085 0.2858
2.5A bent 9.635 9.8318 0.1968

a 20 C4 bend radiates more than a bend in a microstrip line
with higher impedance, but cQmputed results fm S21 Qf a 20
~ bend showed that the dip in Szl cannot be observed since
most of the pc)wer is reflected from the bend. CQmparism of
computed S parameters fcm 20 Q, 25 Cl, 30 Cl, 35 Q, and 50
Q lines indicated that an appropriate choice is 35 0 line
resonators on 0.508-mm-thick substrate with ●, = 2.2. Duroid,
.sr = 2.2, has been chosen so that the radiation loss is en-
hanced and its measurement is simplified. In linear res-
onators (with the two ends shorted) the radiation losses are
negligible. Thus the Q measurement on these two resonators
yields conductor and dielectric losses. Values of these types
of losses are accounted for while calculating the radiation
loss from the measured Q factors for the bent resonators.

B. Comparison of Measured and Calculated
Resonant Frequency

The resonant frequency of each resonator was calculated
by detecting voltage maximum at a quarter-wavelength dis-
tance from the short-circuited ends. A comparison of the
measured and computed resonant frequencies is given in
Table I. The main reason for the differences between the
calculated and measured resonance frequencies is the fact
that the short circuits are not ideal and we have a small
reactive (inductive) impedance present there. The short-cir-
cuit inductance is equivalent to an additional line length. By
comparing the experimental results with calculated values
for a 2A linear resonator, we find that the value of the
short-circuit inductance per unit line width is 14.57 pH/m.
The value of the inductance based on measurements on the
2,5A line resonator is found to be 17.6 pH/m.

C. Computation of Q Factors

There are three major types of losses in microstrip circuits:
conductor losses, dielectric losses, and radiation losses.
Losses in microstrip may also be interpreted in terms of a Q
factor:

27Tfru,
Q.T

1
(12)

where U$ is the energy storage and Pl is the average power
lost per unit length. The dielectric Q factor, Qd, is inversely
proportional to tan 8. The conductor loss Q factor, Q,, is
given by

(13)

where h is the substrate height and UC is the conductivity of
the conductor. If we take surface roughness into account, Q,
may be approximated as Q: = 0.625QC [17]. The radiation Q

factm, Q,, is given as

27i-fJJ,
Q,=T

r

where P. is the radiated power. In all the above
the energy storage, U,, may be evaluated as

(14)

expressions,

(15)

The resonator is divided into N cells, and V(i) is the voltage
at the center of the ith unit cell. The area of the ith unit cell
is represented by dxi dy[. Usually in the discontinuity region
the voltage distribution varies considerably so there are more
cells in the discontinuity region. The total Q factor is

(16)

Since the height of the substrate is less than 0.02 wavelength,
surface wave losses are negligible. The calculated Q factors
for various resonators are given in Table II.

We note that in all four cases, conductor losses dominate.
Radiation Q’s for resonators with bends are much smaller
than those for corresponding linear resonators. If we ignore
radiation from the two linear resonators, the total Q values
are 389.63 in both cases. The bent resonator with 2A length
has a higher total Q (348.88) than the 2.5A resonator (300.34)
and this difference is caused by lower radiation in the 2A
case (because of a voltage minimum at the bend).

D. Measurements of Q Factors

Since the calculated VSWR and the measured VSWR
values were around 4:1, we employed the transmission line
method to measure the Q factor. In the transmission line
method, the S parameter ISl J f )1 and lS12(.f)l of the res-
onator are measured as a function of frequency, and the
maximum of ISlz I or the minimum of (SI ~I yields the resonant
frequency, f,. The loaded Q, Q~, of the resonator is deter-
mined from the – 3 dB points of IS12(f )1:

QL. $ (17)

where A f is the bandwidth at – 3 dB points. The unloaded
Q factor, Q, is obtained from [6]

Q= QL(l+2k) (18)

where k is the coupling factor on both the source and load
ports of the resonator. The quantity k is evaluated as [6]

Is,,(fr)l
k(f,) =

211–s,2(fr)l

and the unloaded Q is obtained as [6]

Q(f,) =
QL(fr)

l–ls12(fr)l”

(19)

(20)

Measured resonance frequencies, values of S1, and S12 at
resonance, and A f values for the – 3 dB bandwidth are used
to calculate Q,, and Q, listed in Table HI.

E. Computation of Radiation Q Factors

For experimental evaluation of the radiation Q associated
with the bend resonators, we assume that the linear res-
onators have negligible radiation, and calculate other losses
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TABLE 11
Q FACTORS FOR THE RESONANT STRUCTURES

2A bent 2.5A bent 2A linear 2.5A linear

fr GHz 10.388699 9.927564 10.00009225 10.000014

P, (w)* 180.885 175.68 123.98 72.61

Q, 3036.08 1322.22 5884.82 6844.24

Qd 1000 1000 1000 1000

$ 650.66 636.05 638.37 638.37

348.88 300.34 365.44 368.65

*Normalized for an input current of 1 A.

TABLE III
MEASURED Q FACTORS

Q. Q
2A linear 169.73 198.75
2A linear 143.62 185.04

2.5A linear 187.94 198.25
2.5A bent 137.64 157.75

TABLE IV
COMPARISON OF MEASURED AND CALCULATED RADIATION

Q FACI-ORS

2A Bent Resonators 2.5A Bent Resonators

Q factor Measured Calculated Measured Calculated

Q, 2682.47 2762.6 772.19 876.95

Q 185.04 185.25 157.75 161.9

from measured Q values. These losses are present for bent
resonators also and are subtracted from the total losses for
bend resonators, in order to evaluate radiation from bends.

The radiation Q (thus calculated from measurements) is
compared with the theoretical value based on our model.

Thus, the experimental Q, of the bent resonators may be
written as

1 1 1

Q,= Qrn.,,umi - QIosses
(21)

where Qlm,e, is the measured Q factor for 2A and 2.5A

linear resonators and Qmeasuredis the measured Q of bent
resonators. Comparison between the measured and calcu-
lated radiation Q factors is given in Table IV.

In the second row of Table IV, measured values are the
unloaded Q values shown in Table HI, and the calculated
values are based on radiation losses calculated from our
model and the other losses (conductor plus dielectric, etc.)
obtained from measurements on linear resonators.

The disagreement between the measured and calculated
Q, for the 2A bent resonator is 3%, and for 2.5A bent
resonators the corresponding value is 1l%. The correspond-
ing differences for total Q are only 0.1% and 2.5690 respec-
tively. Keeping in mind the experimental uncertainties and
the assumption that the conductor losses are equal in the
straight and bent resonators, the agreement between theory
and experiments is reasonable, This verifies the equivalent
magnetic current modeling approach used for estimating
radiation from microstrip discontinuities.

VI. CONCLUDING REMARKS

A convenient and versatile method (based on the mttlti-
port network modeling approach) for evaluating radiation
loss associated with discontinuities in microstri~ circuits has

been presented in this paper. The results are in good agree-
ment with the Poynting vector method applicable for simple

geometries.
Sample reuslts presented show that rddiation losses from

microstrip discontinuities cannot be neglected at higher fre-
quencies. For a 10 Cl to 50 Q change (E.= 2.2, h = 0.79 mm)
in width, the radiation loss at 10 GI-Iz is 0.7 dB. For a 900
bend in 50 L! line on a 0.254-mm-thick substrate with e. = 2.2,

the radiation loss at 40 GHz is 0.17 dB. The multiport
network model can be used for calculating radiation from

complicated discontinuity configurations such as chamfered

bends, compensated T junctions, and cross junctions.

Radiation Q factors obtained from measurements in res-

onators incorporating a right-angle bend show a fair agree-

ment with the estimated values. This provides an experimen-

tal verification of the proposed method.
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