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ABSTRACT

In this paper, electromagnetic (EM) leakage and spurious resonances in a K /Ka-Band (18
- 40 GHz) MMIC hermetic package designed for a phase shifter chip are studied using the
finite element method (FEM) and the numerical simulation results are compared with
the measured data. Both the measured and calculated data indicate several spurious
resonances in the 18 to 24 GHz region and the origin of this phenomenon is identified
by virtue of the modeling capability of the FEM. Moreover, the effect of DC bias lines,
bond wires, shielding and the asymmetry of the package on electrical performance are
closely examined. In addition, the effect of adding a resistive coating to the inside surface
of the package lid and also the use of dielectric packaging materials with very high loss
tangent are studied in view of the suppression of the spurious resonances. Finally, design

guidelines for the improved package are presented.



[. INTRODUCTION

High performance packages, especially for microwave and millimeter-wave integrated
circuit application, should satisfy stringent mechanical. electrical and environmental re-
quirements. From a mechanical and environmental point of view, a package should pro-
vide protection to the internal circuits from the surroundings. Furthermore, packages are
required to exhibit minimum insertion loss, good isolation between the ports as well as
electromagnetic (EM) shielding for minimum interference (EMI) [1, 2]. Another important
electrical requirement of a package is non-invasiveness with respect to circuit performance
[3]; a package fails electrically if parasitic cavity resonances substantially deteriorate cir-
cuit performance. As a result of all of these requirements, successful development of a high
frequency package requires careful design strategies. Recently, low cost high performance
MMIC packages have been developed by using approximate equivalent circuit models or
experimental data [4, 5]. However, due to the limited accuracy of the modeling tools, the
designed packages exhibit a serious degradation of performance at higher frequencies. To
overcome the above difficulties in designing high frequency/ high performance package,
frequency and time domain full-wave electromagnetic tools are applied [6]-[9] for various
applications.

The goal of the paper is to study the electrical performance of a K/Ka-band her-
metic package designed for a MMIC phase shifter and comprehend the parasitic effects
introduced by the package geometry. For thorough understanding of the packuge per-
formances, the effects of the various features of the package, such as filled metal vias,
DC bias lines, bond-wires, structural symmetry/asymmetries, and even the effect of the
test fixture on the circuit performance are extensively investigated. Furthermore, the use
of dielectric packaging materials with high loss tangent and the influence of coating the
inside surface of the package lid with a resistive material are also examined. For the
EM characterization of the K/Ka-Band MMIC package, a parallelized three dimensional
finite element method (FEM), which is optimized on the distributed memory machine

(IBM SP2) with task parallelization strategy, is applied [10, 11]. The parallelized 3D
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FEM code exhibits near linearly scalable performance improvement due to the frequency
independent nature of the frequency domain FEM. To the best of our knowledge. this is
the first comprehensive high frequency full-wave treatment for an existing millimeter-wave
package.

The modeling effort described herein is divided into three parts. In the first part.
the input and the output microstrip lines are symmetrically located with respect to the
two planes of symmetry of the package. In addition, the package is considered to be free
standing, i.e., totally isolated. Under these assumptions only one quarter of the package
needs to be considered and as a result the modeling effort is computationally simpler.
In the second case, the input and the output microstrip lines are asymmetrically located
with respect to one of the plane of symmetry. This is of more general interest since in real
applications the transmission lines on the MMIC chip need not be symmetrically located.
In the last part, the microstrip lines are asymmetrically located and the package is placed
inside a test fixture. By placing the package inside the text fixture, the interactions
between the fields leaking through the package dielectric walls and the surroundings can
be modeled. This model is of great practical interest since it points towards ways and
means to improve future package performance. The modeled characteristics are compared
with experimental results and show very good agreement. In addition, the effects of the
three different types of packaging features, such as additional metal-filled vias, resistive
coating, and lossy packaging materials, are carefully examined to improve the package
performance. This modeling procedure has the potential to predict the performance of
other types of packages such as those used in wireless communications which include

multi-chip modules.
II. PACKAGE DESCRIPTION AND MODELING

A K/Ka-band MMIC package fabricated by Hughes Aircraft Company for the NASA
Lewis Research Center is shown in Fig. 1. The package has 50 2 microstrip input/output

feed lines for the RF signal and two sets of five metal lines on either sides for DC bias and



control. In addition. a set of twelve metal filled vias tie the top and bottom perfect electric
conductor (PEC) ground planes to provide mechanical strength and also serve as an M
shield. The package is fabricated from alumina (92 % pure, ¢, = 9.5) using the HTCC
process. To characterize the package, a 50 © through line is placed in the recess as shown
in Fig. 1 and is wire-bonded to the input/output microstrip feed lines. The peripheral
dimensions of the package are 7.112 x 7.112 x 1.27 mm. One can observe from the figure
that the metal filled vias and the input/output microstrip feed lines are displaced towards
one side of the package introducing a package asymmetry. This asymmetry is attributed
to the specific geometry of the MMIC phase shifter which the package intends to house.

While this package provides hermeticity, it does not shield electromagnetically and as
a result the packaged circuits are exposed to a semi-open environment. For the simulation
of this environment, artificial absorbing layers have been designed using lossy isotropic
dielectrics as shown in Fig. 2. The performance of the absorber is controlled by assigning
a certain amount of losses in the absorbing material and by specifying its thickness. In this
study, we designed two different types of isotropic absorbing materials for air and dielectric
side terminations. The material parameters are chosen to be €% = p%; = 1.0 + j10.0
for the air side and €% = 9.5 + j15.0 and p4¢ = 1.0 + j1.5789 for the dielectric side.
The thickness (t) of the artificial absorbers is assigned to be 0.70 mm to allow enough
damping of the fields inside of the absorbers and to minimize the computational domain.

It is well known that this type of absorber performs well for near-normal incident fields.

III. NUMERICAL AND EXPERIMENTAL RESULTS AND DISCUSSIONS

[II-A. MODELING OF ISOLATED SYMMETRIC PACKAGE

In this case, an isolated symmetric package is designed and modeled. The structural
details are very close to that of the Fig. 1 except a few minor modifications for symmetric
arrangement. The input/output microstrip lines and the through line are moved to the
center of the package and the two asymmetric metal filled vias are aligned on line. As it

will be shown in the later sections of the paper, the symmetric arrangement of the package
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impacts on the performance of the package greatly. The computed scattering parameters
are shown in Fig. 3. The return loss is less than -20 dB over the entire frequency range

and the insertion loss remains within -1.0 dB.

III-B. MODELING OF ISOLATED ASYMMETRIC PACKAGE

[n this section. the performance of the isolated asymmetric package is calculated and
the computed S-parameters are shown in Fig. 4. As one can observe in the figure, the
package reveals relatively good performance with better than -10.0 dB return loss over
the entire frequency range. It is also noted that no cavity or spurious resonances are
observed even though the size of the overall package becomes larger than half guided
wavelength at frequencies above 15 GHz. The lack of any resonance is also evident from
Fig. 5, which shows the computed vertical electric field distribution in the package, and
is attributed to the imperfect EM shielding. Even though the package provides excellent
mechanical /environmental protection and hermeticity, the side walls formed by the 12
vertical metal filled vias between the DC bias lines do not provide a solid EM shield.
Leakage from the cavity semi-open walls drains the energy from the cavity and suppresses
the occurrence of cavity resonances.

The effects of the bond wires and DC bias lines on the characteristics of the package
are also studied. This is accomplished by computing the scattering parameters after
eliminating the four bond wires between input/output RF microstrip lines and the 50 2
through line remaining 40 um gap between them, and 5 DC bias lines from botl sides of
the package. The computed scattering parameters shown in Fig. 6 reveal no discernible
differences from the previous data. This result implies that the presence of the bond wires
and the DC bias lines is not critical to the performance of the package. Even further, we
can argue that the shape of those structures should not disturb the overall characteristics
of the package. Compared to the performance of the symmetric package shown in Fig. 3,

the return loss of the asymmetric package surprisingly increases about 10 dB.

1II-c. MODELING OF ASYMMETRIC PACKAGE PLACED IN A TEST FIXTURE



The asymmetric package is now modeled by taking into consideration the test fixture
to quantify the susceptivity of the package to the environment in addition to identification
of the leakage and spurious resonances. The test fixture is modeled by using PEC walls
along the ends of the package with an opening at the center for the input/output coaxial
connectors and half height PEC walls and artificial absorbers for two other sides (see
Fig. 2). The half height PEC walls are designed for the simulation of the recess depth
of the test fixture and absorber is placed on top of the half PEC wall.The measured and
computed scattering parameters for the package placed in the test fixture show very good
agreement as illustrated in Fig 7. As it can be observed, the overall structure including
the package and test fixture suffers from spurious resonances in the low frequency region
(18 - 24 GHz) but it exhibits very good performance in the rest of the frequency range.

The resonance phenomenon can be understood by investigating the EM field distribu-
tion at various frequencies as shown in Fig. 8. Fig. 8 (a) is shows the field distribution
at f = 20.5 GHz. At this frequency |S);| has a peak indicating mismatch (see Fig. 7(a))
and reveals energy leakage through the input/output RF microstrip lines and between the
metal filled vias resulting in high insertion loss. Also, it is observed that at some frequen-
cies the excited EM fields are strongly concentrated in the package frame which has the
shape of a dielectric ring and is placed on top of the input/output microstrip lines, along
the DC bias lines. However, it should be noted that the poor EM hermeticity may cause
a serious EM compatibility (EMC) problem. Fig. 8(b) shows the field distribution at 29.5
GHz, where |S;| has a dip indicating small insertion loss (see Fig. 7(a)). The calculated

results also show the voltage standing wave pattern of the EM field in the microstrip line.

IV. FEATURES WHICH CAN ENHANCE PACKAGE PERFORMANCE

IV-A. ASYMMETRIC PACKAGE WITH ADDITIONAL METAL FILLED VIAS
To investigate the role of the vertical metal filled vias on the EM hermeticity of the
package and to study the energy leakage from the input/output ends of the package, four

additional vias are placed as shown in Fig. 9. The dimensions of the additional vias are the
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same with those of the previous set of vias. As shown in Fig. 10, the frequency response of
the package is quite degraded in the most of the frequency region. Hence, 1t is revealed that
providing additional vias could enhance package internal resonances by suppressing the
leakage of the EM fields. Interestingly enough. the enforcement of strong EM hermeticity
by placing additional vias causes strong unwanted internal resonances, while poor EM
hermeticity makes the package more susceptible to the surrounding environment. To
overcome the above difficulties. we utilized lossy packaging materials as examined in the

following sections.

IV-B. ASYMMETRIC PACKAGE WITH RESISTIVE COATING ON THE INSIDE SURFACE OF
THE LID

As an effort to suppress the unwanted resonances in the 18 to 24 GHz region (refer
Fig. 7(b)), a resistive sheet backed by PEC plane is placed on top of the package. The
value of the resistivity (R) of the sheet is chosen to be 100 /0 or 400 /0 and the
thickness (t) to be 0.1 mm or 0.3 mm. Fig. 11 shows the computed scattering parame-
ters. The spurious resonances in the low frequency region (18 - 24 GHz) are completely
suppressed for all 3 cases and there are no distinguishable differences between them. This
observation indicates that placing resistive material on the inside surface of the package
lid can suppress the unwanted resonances by imposing lossy boundary condition on the

fields resonating inside the package.

IV-c. ASYMMETRIC PACKAGE WITH LOSSY DIELECTRIC FRAME

It is very important to suppress the internal resonances during design in oder to avoid
performance degradation. Suppression of the internal resonances may be accomplished
through a variety of approaches. One approach may suggest the design of a leaky package
so that strong resonances are not supported. This approach has been examined in the
previous sections and reveals that the package interferes strongly with its surroundings.
As an alternate approach, one can fabricate the package frame from a dielectric material

having non-zero loss tangent. Fig. 12 shows S-parameters of the package with two different



dielectric materials: case 1 : ¢ = 9.5(1.0 + j0.1), u, = 1.0 + j0.0. and Case 2 : ¢, =
9.5(1.0 + j0.5), pu, = 1.0 + j0.0. As one can realize from the figure, the unwanted cavity
resonances in the low frequency region are completely suppressed by the assigned small
amount of loss in the packaging material. It is also important to notice that the insertion
loss increases to -2 dB due to the loss in the packaging material. The differences in
the scattering parameters for two cases corresponding to different loss tangents remain

negligible in the whole frequency spectrum.
V. CONCLUSIONS

In this paper, a 18 to 40 GHz hermetic package is experimentally characterized and also
modeled using finite element method. The FEM accurately predicts the S-parameters,
energy leakage and spurious resonances which degrade the package performance. To the
best of our knowledge this is the first comprehensive study of RF leakage and resonances
in a millimeter-wave package. The modeled results show that the unwanted spurious
resonances in the package can be suppressed by incorporating a resistive coating on the lid
and by the use of dielectric materials with high loss tangent. The modeled S- parameters
for a symmetric package predict low insertion loss on the order of -1.0 dB over the 18 to
40 GHz band. From this study, it is clear that symmetry in the package construction is

crucial for good performance.
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Figure 1: Schematic diagram of the K/Ka-band hermetic package designed and manufactured
for a MMIC phase shifter chip. The diameter of the vertical metal filled vias are D, = 0.203
mm and the distance between these vias are D; = 1.016 mm. The upper and lower alumina

layers are each 0.381 mm thick (D;).
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Figure 2: Schematic showing the location and extent of PECs in addition to the artificial
absorbers which simulate the test fixture and open environment. Two different types of absorbers
(€57, p%n and €4, pdiel) are designed and placed in either side of the package facing the DC
bias lines (not fully shown in the figure for simplicity).
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Figure 5: Computed vertical electric field distribution (dB scale) at (a) f = 20.5 GHz and (b) [
= 29.5 GHz in the isolated asyvmmetric hermetic package.



IST11 - original
--------- IS211 - original
o] IS111 - simplified

@ IS211 - simplified

'vv'vrvlv-vl--vl---lwvvl---I-vﬁ'vvvlvvrl-

Magnitude [dB]

_50:...|...|...|.A.1.,.1...|...|...|...|...J,
18 20 22 24 26 28 30 32 34 36

Frequency [GHz]
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Electric Fielz Distribution n Pac<age at 205 GHz

Ligure 50 Computed vertical electric field distribution (dB scale) in the asymmetric hermetic
package placed in the test fixture at (a) [ = 20.5 GHz and (b) f = 29.5 GHz.



Additional
filled vias Metal-filled vias
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Figure 9: Schematic diagram of the asymmetric hermetic package showing four additional vias
at the input and output ends of the package.
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Figure 10: Computed S-parameters for the asymmetric package with four additional vias at the
input and output ends of the package.
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Figure 11: Computed S-parameters ( (a)|S11| and (b) |S21] ) for the asymmetric package residing
in the test fixture with resistive coating on the inside surface of the lid. The resistivity and the
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