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Shielding Effects in Microstrip Discontinuities

LAWRENCE P. DUNLEAVY AND PISTI B. KATEHI, MEMBER, IEEE

Abstract — As an application of the theoretical method described in a

companion paper (pp. 1758-1766, this issue), numerical and measured

results are presented for open-end and series gap dkcontinuities and a

conpled line filter. Comparisons are also made to commercially available

CAD package predictions. The results verify the accuracy of the new

theoretical method and demonstrate the effects of shielding on dkcontinu-

ity behavior. The experfmentaf techniques used, which involve the

through-short-delay de-embedding approach, are also explained.

L INTRODUCTION

T HIS IS THE second of two papers concerned with the

study of shielding effects in microstrip discontinuities.

The companion paper [1] develops a new theoretical

method for the full-wave analysis of shielded microstrip

discontinuities. The effects of shielding are important in

two situations. The first is when the frequency approaches

or is above the cutoff frequency for higher order mode

propagation. The second occurs when the metal enclosure

(Fig. 1) is physically close to the circuitry (proximity

effects). These effects have not been adequately studied in

the past, and are not accounted for in the discontinuity y

models in most available CAD packages.

In addition to improved theoretical methods, there is a

great need for experimental data. Published experimental

data on microstrip discontinuities are very limited, espe-

cially for high microwave (above X-band) and millimeter-

wave frequencies. Such measurements are not trivial, but

are essential for verification of the theoretical method.

This need motivated the experimental study discussed here.

This paper uses the previously described method [1] to

study the effects of the shielding cavity on the behavior of

one- and two-port discontinuities including open ends,

series gaps, and parallel coupled line filters. Comparisons

are made to measurements, to available data from other

full-wave analyses, and to commercially available CAD

packages.

II. EXPERIMENTAL TECHNIQUES

Measured data on microstrip discontinuities are very

limited, particularly at higher frequencies (above 10 GHz).
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This is due to the difficulties encountered in performing

accurate microstrip measurements. In order to measure a

microstrip circuit, it is generally ,mounted in a test fixture

with either coax-to-microstrip or waveguide-to-microstrip

transitions. The main difficulties associated with such mea-

surements are the separation of test fixture parasitic from

measurements, called de-embedding, and the nonrepeat-

ability of microstrip connections.

This section explains the experimental techniques used

for this study and addresses the connection repeatability

issues that pertain to the measurements.

A. De-embedding Approach

The measurement approach of this study employs auto-

matic network analyzer (ANA) techniques in conjuncticm

with the through-short-delay (TSD) method for de-embed-

ding the effects of the test fixture from the measurements.

The test fixture that was used is shown in Fig. 2. The

fixture employs a pair of 7 mm” Eisenhart” coax-to-micro-

strip transitions [2]. The shielding is provided by placing

U-shaped covers on top of the microstrip carriers. This

forms a cavity similar to that of Fig. 1. The instrument

used for the measurements was an HP8510 ANA.

‘ The test fixture invariably introduces unwanted para-

sitic and a reference plane shift to the measurements.

These effects must be accurately accounted for and re-

moved from the measurements, or incorporated into the

ANA system error model. Conventional ANA calibration,

which uses a short circuit, an open circuit, and a matched

load, is not easily performed in microstrip since these

calibration standards are much more difficult to realize in

microstrip.

The process for removing test fixture effects is called

de-embedding and consists of two steps: 1) fixture chara~c-

terization and 2) the extraction of fixture parasitic.

Through de-embedding, the effective calibration reference

planes are moved from l.he coaxial or waveguide ANA test

ports to microstrip test ports within the fixture.

A comparison of vmious de-embedding techniques [3]

lead to the choice of the TSD technique for the experimen-

tal study. This approach was selected over the alternatives

considered because the standards used for fixture charac-

terization are the easiest to realize in microstrip and be-

cause the connections to these standards can be made in
the same way as the connections made to discontinuity test

circuits. In the TSD technique, two-port measurements

made on a through (zero length delay) line, a “short”

circuit, and a delay line provide enough information to

characterize the fixture. Since the original paper [4], it has
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Fig, 1. Basic geometry for the shielded microstrip cavity problem

been pointed out that the” short” implied in TSD need not

be perfect. In fact, any highly reflecting standard may be

used in its place [5], [6]. The only requirement is that the

same reflection coefficient I’, must be presented to both

microstrip test ports.

This measurement approach provides for the measure-

ment of the effective dielectric constant, the reflection

coefficient of open-end discontinuities, and the two-port

scattering parameters of series gaps and coupled line fil-

ters. In the present implementation of TSD de-embedding,

an open-ended microstrip line is used in place of the short

as the reflection standard. Measurements of microstrip

effective dielectric constant c~ff and of the reflection coef-

ficient of the open-end I’OP are obtained as by-products of

the fixture characterization procedure. Once the fixture is

characterized, the de-embedded S-parameter measure-

ments of two-port discontinuities are obtained by extract-

ing the fixture parasitic mathematically.

B. Connection Repeatability Issues

One drawback to the TSD technique is that good mi-

crostrip connection repeatability is important for accuracy.

Microstrip connections are much harder to make and are

less repeatable than connections in coax and waveguide.

This is a key limiting factor to the accuracy of microstrip

measurements at higher frequencies. To address this issue,

a microstrip connection repeatability study was carried out

[7]. The results of this study were used to decide on the

best connection approach to use and to estimate the asso-
ciated measurement uncertainties.

There are three basic connection alternatives for TSD

characterization of a coaxial fixture. Each of these must

rely on at least one of the following assumptions:

1) repeatability of connections made from the coax-to-

microstrip transition to the microstrip line;

2) repeatability of microstrip-to-microstrip intercon-

nects;

3) uniformity of electrical characteristics between differ-

ent transitions (launcher-to-launcher uniformity).

The results of the repeatability study favor a connection

approach relying on repeatable coax-to-microstrip connec-

tions, and this was the approach adopted for the present

work.

As part of this work, a method was developed to approx-

imate the uncertainties in de-embedded results arising from

connection repeatability errors [3]. The analysis consists of

perturbing the S parameters of the TSD standards and the

DUT with a set of experimentally derived error vectors

that are representative of the variations of each S-parame-

ter ( S’ll, S12, etc.) measurement with repeated connections.

Software was written to allow processing of the perturbed

S-parameter data in the same way that the measurement

data are processed during the TSD de-embedding proce-

dure discussed above. This perturbation analysis shows

approximately how connection errors— which are in-

evitable-propagate through the TSD mathematics and

limit the precision of the final results.

III. NUMERICAL AND EXPERIMENTAL RESULTS

In this section, the numerical and experimental results

of the present research are presented for the network

parameters of shielded microstrip discontinuities. Included

here are results for the effective dielectric constant, open-

end and series gap discontinuities, and coupled line filters.

Where possible, comparisons are made to results generated

from the commercially available CAD packages Super

Compact and Touchstone.1

The CAD models used in these packages are based on a

combination of different theoretical techniques, most often

embodied in simplified closed-form solutions, curve fit

expressions, or look-up tables. These models do not ade-

quately account for the effects of the shielding box (Fig.

1). Further, in simulating a circuit containing many dis-

continuities, the analysis of these packages assume that the

discontinuities are independent of one another and the

matrix representations for each discontinuity are simply

cascaded together mathematically.

In contrast, the full-wave solution presented in the com-

panion paper [1] accurately treats the entire geometry of

the shielded microstrip circuit as a boundary value prob-

lem. The interactions between the discontinuity structure,

adjacent microstrip conductors, and the shielding cavity

are automatically included in the analysis. Because of this,

the method is expected to provide better accuracy than

CAD model predictions.

A. Cutoff Frequency and Higher Order Modes

One case where shielding effects are noticeable is when

the frequency approaches the cutoff frequency ~C for the

first higher order shielded microstrip mode. The nature of

higher order modes in shielded microstrip is quite different

from that in open microstrip. In open microstrip, higher

order modes occur in the form of surface waves and

radiation modes. The first surface wave mode has a cutoff

frequency of zero. In shielded microstrip, the higher order

‘Super Compact and Touchstone are microwave CAD software

packages available from Compact Software and EESOF, respectively.
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Fig. 2. 7 mm coaxial\microstrip test fixture (partiatly disassembled)

used for measurements.
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Fig. 3. Imaginary part of current on open-ended line below the cutoff
frequency ~C (~ =16 GHz, c,= 9.7, W/h =1.57, h = .025 in, b = c=
0.275 in).

modes take the form of waveguide modes [8]. As a conse-

quence, below the waveguide cutoff frequency, only the

dominant microstrip mode can exist.

For the present work, the ~C for the shielded microstrip

geometry of Fig. 1 is approximated by considering the

dielectric-loaded waveguide formed by removing the strip

conductors and the walls at x = O and a. The cutoff

frequencies thus derived have been found to give’ a good

prediction of where higher order effects are first observed

in the computed current distributions. As an example, Fig.

3 shows the current distribution on an open-ended line

operating below the cutoff frequency. For the indicated

geometry, ~C is about 17.9 GHz. As the frequency is raised

above the cutoff frequency, the current becomes more and

more distorted, as shown in Fig. 4. The distortion is due to

the interactions between the dominant mode and the first

higher order waveguidelike mode inside the cavity.

B. Effective Dielectric Constant

Fig. 5 shows Ceff for a 25-roil-thick alumina substrate

where the cross-sectional shielding dimensions, b and c,

are ten times the substrate thickness h. The numerical

results are compared to measurements and to CAD pack-
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Fig. 4, Open-ended microstnp current above jc (~= 22 GHz, c,= 9,7,

W/h =1.57, h = .025 in, b = c = 0.275 in).
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Fig. 5. Numerical results for Ceff compared with measurements and
CAD package predictions (c, = 9.7, h = .025 in, b = c = 0.25 in),

age predictions. Note that Super Compact allows only the

cover height to be varied while the calculation provided ‘by

Touchstone neglects shielding effects. For the shielding

geometry used here, it is seen that the difference between

the numerical and the CAD package results is within

experimental error. However, interestingly enough, better

agreement between the CAD results and the numerical ,

results is observed at ‘tigher frequencies. This may be due

to the fact that the sidewalls, which are not included in the

CAD package analysis, are electrically closer to the strip at

low frequencies.

The measured data are obtained as a by-product of the

TSD fixture characterization procedure, as discussed above.

The data shown represent the average of ten separate

procedures conducted over a period of time with four

different sets of TSD standards. The error bars shown in

Fig. 5 represent the standard deviation ( +s ) of the differ-

ent measurements. This, data are shown here in lieu of the

result from a single measurement, since they give a more

representative view of the involved measurement uncer-

tainty. In this case the error bars shown represent the

combined effect of connection errors, variations in f,, and

other factors. The major error source in this case is be-
lieved to be the variations in c~, which can be significant

for alumina substrates [9].2

To see how e,ff varies with shielding, consider the plot

of Fig. 6. This plot compares numerical and Super Com-

2This error reflects the uncertainty in knowing which value of c, tc use
in the theoretical simulations.
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Fig. 6. Shielding effects on feff for an alumina substrate (see Table I for

geometry).

TABLE I

CAVITY NOTATION USED TO DENOTE DIFFERSNT GEOMETRY AND

SUBSTRATE PARAMETERS

i J
CAVITY e. W (in) h (in) b (in) c (in) fC (GHz)

CA 9.7 .025 .025 .250 .250 21.8

cc 9.7 .025 .025 .100 .100 37.5

CF 9.7 .025 .025 .075 .075 41.7

QCB 3.82 .0157 .010 .122 .080 45.8

QCE 3.82 .0157 .010 .100 .100 73.0

QCG 3.82 .0157 .010 .050 .05 102.5

—
—
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Fig. 7. Shielding effectson C,ff for a quartz substrate (see Table I for

geometry).

pact results for three different shielding geometries. The

notation used to describe different shielding and substrate

geometries is explained in Table I.

In all cases, as the shielding is brought closer to the

microstrip, a reduction in ~,ff is predicted. The case for

cavity CA is the same as that in Fig. 5. For the other two

cases, where the shielding is closer to the microstrip, the

Super Compact shows a smaller effect than the present

integral equation method predicts.

The effect of shielding on ~cff for a quartz substrate is

displayed in Fig.7. Inthiscase the Super Compact analy-

sis is seen to give good results for both of the two larger

shielding geometries. However, the numerical results again

show alarger reduction in~eff as the size of the shielding is

decreased further.

The reduction of the effective dielectric constant, rela-

tive to Super Compact, can be explained as follows. For a

larger shielding geometry, the field distribution on the

microstrip more closely resembles the open microstrip

case, with most of the electric field concentrated in the

substrate. In this case, most of the electric field lines

025
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04812162024 28
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Fig, 8. Numerical results compared to those from other full-wave anal-

yses (6, = 9.6, W/h =1.57, b = 0,305 in, c = 0.2 m, h = 0.025 in)

TABLE II

COMPARISON OF L,ff /h COMPUTATION FOR THE Two TYPES

OF EXCITATION METHODS

1 I

f (GHz) 4 8 12 14 16 18 20

GAP
GENERATOR .298 .305 .309 .321 .324 .344 .353

COAXIAL

EXCITATION .299 .304 .309 .322 .327 .344 .352

originate on the microstrip conductors and terminate on

the ground plane below. As the cavity size is reduced, the

ground planes of the top walls and sidewalls are brought

closer to the microstrip lines. The electric field distribution

is now less concentrated in the substrate, as more field

lines can terminate on the top walls and sidewalls. As a

result, a proportionally larger percentage of the energy

propagating down the line does so in the air region, and

the dielectric constant is reduced.

C. Open-End Discontinuity

As discussed in [1], an open-end discontinuity can be

represented by an effective length extension Le~~ or by a

shunt capacitance COP.Both of these representations will

be used in this section.

The plot of Fig. 8 compares L,~~ results to those of

Jansen et al. [10] and Itoh [11]. In this case, the dimensions

of the shielding cavity are large with respect to the sub-

strate thickness. The results from this research are almost

identical to those obtained by Jansen et al. for frequencies

above 8 GHz but show a reduced value for lower frequen-

cies.
The case of Fig. 8 was chosen to compare the coaxial

and gap generators excitation methods used in the method

of moments solution. Table II shows that the results com-

puted for this case by the two methods are equivalent. This

equivalence also holds for the two-port scattering parame-

ters for the structures considered herein. Hence, as far as

computing network parameters is concerned, either method

gives good results. Since the coaxial method is more realis-

tically based, this conclusion lends validity to the use of

the gap generator method.

The results shown in Fig. 9 illustrate the effect of

shielding on the open-end discontinuity. The normalized

open-end capacitance COP is plotted for three different
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Fig. 9. Comparison of the normalized open-end capacitance for three

different cavity sizes. This shows that shielding effects are dominated

by the onset of higher order modes rather than by proximity effects

(see Table I for cavity geometries).
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Fig. 10. Normalized open-end capacitance for three different cavity
sizes for a quartz substrate. These results also show the~trong depen-

denceof thecapacitanceon~C (see Table Ifor cavity geometries).
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Fig. 11. Results forthemagnitude of&l fora15mil series gap.

cavity sizes. The results show that reducing the cavity size

raises f, (as expected) and lowers the value of COP.For

comparison, data obta@ed from Super Compact and

Touchstone and measurements are included. The errors

bars on the measurements represent the estimated stan-

dard deviation ( +s) of the connection errors associated

with this measurement.3

Similar shielding effects are observed for an open end

on a quartz substrate, as shown in Fig. 10. In this case it is

seen that the Super Compact result gives a good value for

low frequencies, and where the frequency is well below the
cutoff frequency for a given shielding size. These results

show that shielding effects due to wall proximity are less

3The other error sources indicated for the effective dielectric constant

measurement are not considered to be as significant for this measure-
ment.
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Fig. 12. Results for the angle of,& for a 15 mil series gap.
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Fig. 13. Results for the angle of ,SIl for a 15 mil series gap.

important than shielding effects due to the onset of higher

order modes.

D. Series Gap Discontinuities

Numerical and experimental results have been obtained

for series gap discontinuities of three different gap widths

[3]. Results for one of these gaps are presented here.

Numerical results for the magnitude of S21 of a series

gap with a 15 mil gap width are shown plotted in Fig. 11.

For comparison, results obtained using Super Compact

and Touchstone are also shown plotted along with mea-

sured data. The numerical results are seen to be in very

good agreement with the measurements. The test substrate

and shielding dimensions used for the measurements are

those for cavity CA (Table I). The error bars associated

with the connection errors are on the order of +0.5 dB

and are too small to show on the plots.

Results for the angle of Szl and Sll for the 15 mil series

gap are shown in Figs. 12 and 13. The error bars in these

charts represent the estimated standard deviation from the

perturbation analysis. 4 Although the measurements tend to

favor the numerical results, the phase differences are not

too significant since it is suspected that the measurement

may be in error by more than that attributed to connection

errors alone. The phases of the S parameters for the two

other gaps behave in a way similar to that for the 15 mil

gap and have been omitted from this treatment.

These results are seen to further verify the theory devel-

oped in the companion paper [1]. For the large shielding

4The analysis was carried out at 10 GHz, and it is assumed that the
connection errors are approximately the same at the other measurement
frequencies.
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Fig. 14. Sketch of four-resonator coutied line filter studied here (c. =.
9.7, h = 0.025 in, b = 0~4 in, c = 0.25 m).
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Fig. 15. Results for transmission coefficient & of four-resonator filter
(c, = 9.7, W= 0.012 in, h = 0.025 in, b = 0.4 in, c = 0.25 in).

dimensions used for the measurements (b, c>> h) the CAD

models are also seen to give reasonable predictions. The

behavior of series gaps for different shielding dimensions

was not studied; instead emphasis was placed on obtaining

results for coupled line filters since their behavior is more

complicated and therefore more interesting.

E. Four-Resonator Coup[ed Line Filter

The last results to be presented are for the four-reso-

nator coupled line filter of Fig. 14. For brevity, only the

amplitude and phase of S’ll will be discussed.
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Fig. 16. Results for lowering the shielding cover on the amplitude
response of four-resonator filter (C, = 9.7, W = 0.012 in, h = 0.025 in,

b = 0,4 in).

Numerical and measured results of this research are

compared along with CAD model predictions in Fig. 15.

The CAD package analysis for coupled line filters is per-
formed by cascading two different types of discontinuity

elements together: coupled microstrip lines and open-end

discontinuities. Neither of the packages studied here ac-

counts for shielding in the open-end discontinuity model;

however, Super Compact does include the effect of the

cover height in the model for coupled lines.

The numerical results shown in Fig. 15 demonstrate

excellent agreement with measurements up to the cutoff

frequency. The cutoff frequency ~C for the shielding geom-

etry of the filter is approximately 13.9 GHz. Above this

frequency, the measurements are distorted because of the

enhanced electromagnetic coupling between the feed aper-

tures. This coupling is due to the excited waveguide modes

within the test fixture.

The results of Fig. 15 show that even for large shielding

dimensions discrepancies are apparent in the CAD model

predictions, whereas the numerical results follow the mea-

surements closely, both in amplitude and phase. As can be

seen from the amplitude response (Fig. 15(a)), the CAD

models give a good prediction in the passband, but fail to

predict the filter response in the rejection band. This is

also seen from the phase response (Fig. 15(b)), where the

CAD models display a large error compared to measure-

ments between about 6 and 8.5 GHz, while the numerical

results track the measured amplitude and phase very well.

Below about 5.5 GHz the measured phase is seen to be

different from the predictions of both the CAD models
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and the numerical results. This is probably due to a phase

error in the measurements. In the TSD technique, the

delay line for the measurements should ideally be Ag/4 at

the measurement frequency.5 When the electrical length

becomes either too short or too close to a multiple of

X,/2, phase ambiguities can result. A good rule of thumb

is for the delay line to be between Ag/8 and 3Ag/8. At

5.5 GHz the delay line used for the measurements is

slightly less than A ~/8; hence, this is most likely the

source of the phase error in the measurements below this

frequency.

We will now examine what happens as the top cover is

brought closer to the circuitry. Fig. 16(a) shows Super

Compact predictions for the four-resonator filter with two

different cover heights. These predictions indicate that

lowering the cover height should significantly narrow the

passband and reduce the amplitude in the rejection band.

A significantly different prediction is observed in the

numerical results for the case presented in Fig. 16(b). A

narrowing of the passband response is also observed in the

numerical predictions, but not by nearly as much as Super

Compact predicts. More importantly, the amplitude in the

rejection band is seen to increase instead of decrease.

To prove that the numerical prediction is indeed the

correct one, an additional measurement was made of the

filter for the low cover height case. As can be seen from

Fig. 16(b) the agreement between measured data and the

numerical predictions from this research is excellent.

IV. SUMMARY

In this paper theoretical and experimental results were

presented for the network parameters of one- and two-port

discontinuities. For the measurements, the TSD de-embed-

ding approach was used. Connection repeatability errors

were considered in detail and a perturbation analysis was

developed to approximate their effect on the precision of

the final de-embedded results.

The effects of shielding on microstrip behavior were

studied. It was demonstrated that the computed current

distribution becomes distorted above the cutoff frequency

~C for the first higher order shielded microstrip mode. On

the other hand, as long as the cavity size is such that the

frequency is below &, the current is uniform and undis-

torted regardless of how thick the substrate is.

Only one of the CAD packages studied takes shielding

into account for the effective dielectric constant ( Ccff)

calculation, and then only cover effects are considered. A

comparison of the CAD package predictions with the

numerical results of this research for ~,ff showed that good

agreement is obtained when the shielding dimensions are

large with respect to the substrate thickness, while for

small shielding dimensions, the difference between the

different results becomes significant.

For the open-end discontinuity, good agreement with

other full-wave solutions and with measurements has been

5Multiple lines are needed for broad-band measurements.

demonstrated. A comparison of open-end capacitance for

different cavity sizes showed that, as the cutoff frequency

is approached, the capacitance increases in each case.

Choosing a small cavity with a high cutoff ‘frequency

extends the region where the capacitance is relatively con-

stant.

Good agreement between numerical and measured re-

sults was also demonstrated for series gap discontinuities

and a four-resonator coupled line filter. For the filter,

reducing the cover height was seen to narrow the passband

response and raise the amplitude of the filter’s rejection

band response. The numerical results of this research give

an excellent prediction of this effect, whereas discrepancies

are apparent in the CAD model predictions.
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