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Abstract—We present for the first time a low-cost high-perfor-
mance pin grid array (PGA) packaging technology for -band
microcircuit and microwave subsystem packaging. The first-gen-
eration package demonstrates a 20-dB return loss to 8 GHz, and
the second-generation package improves the return loss to 25 dB
from dc to 26.5 GHz. We apply a comprehensive analysis method,
which facilitates the optimization of the radio-frequency transi-
tion into the package. It combines the time-domain reflectometry
analysis and frequency-domain full-wave analysis and reduces the
optimization time significantly. The theoretical analysis is verified
with measurement in both frequency and time domains. The re-
sults demonstrate that the low-cost PGA can be a much more cost-
effective microwave packaging solution than the traditional deep
cavity metal packages.

Index Terms—Hybrid integrated circuit interconnections,
hybrid integrated circuit packaging, multichip modules, optimiza-
tion methods.

I. INTRODUCTION

T HE COST and performance of microcircuits and mi-
crowave subsystems packaging are crucial to a successful

microwave product in the highly competitive electronics
market. In the fast developing satellite, wireless, and fiber-optic
communication area, the trend is that the operating frequency
is increasing quickly, the function of monolithic microwave
integrated circuits (MMIC) is becoming more complex, and
the modules have more dc, radio-frequency (RF), and dig-
ital control signal I/O numbers [1]. The higher density of
mixed-signal I/Os at higher operating frequency has put a
very strict performance requirement on the packages. These
demanding requirements include a good RF transition into
and out of the package, low loss and low reflection between
transmission lines and MMIC, and high isolation between
circuit functions in the package.

Traditionally, to meet the requirements, deep cavity metal
packages, as shown in Fig. 1(a), are used. The traditional
packages are usually expensive and bulky. Their manufacturing
process typically starts with a machined metal package with dc
feedthroughs and RF glass-to-metal seals. Narrow channels are
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Fig. 1. (a) A traditional deep cavity metal package (from [2]). The lid is not
shown. Note that edge-launch RF connectors are required to provide I/O to the
package. These packages can provide high performances at high frequencies,
but they are expensive and support low I/O numbers. (b) A microcircuit
packaged in MIPPS.

machined into the package to prevent waveguide modes by op-
erating well below cutoff frequencies to provide good isolation
from one circuit to another. Numerous thin-film circuits are
attached to the floor of the package using conductive epoxy.

Various ICs are then attached in gaps between the thin-film
circuits. Expensive RF connectors are attached to the sides of the
package, which form edge launch transitions. Both the place-
ment of the thin-film circuits and the bonding for their con-
nection have to be done manually in the traditional packages,
adding cost and reducing the repeatability of the product [2].
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Although this kind of package can provide excellent perfor-
mance, it has the problem of high manufacturing cost and low
I/O counts.

Area array packaging provides a solution to address the
need for high-density I/Os of the microcircuits and microwave
modules. The pin grid array (PGA) package is one kind of area
array packaging technology typically used in very large scale
integration (VLSI) systems with a lead count greater than 100
[3]. The PGA package can be insertion-mounted to the sockets
of the printed wiring board (PWB) using low-cost process
control. This mature packaging technology is a potentially
cost-effective solution for RF modules to be mounted on
multilayer substrates such as FR-4 and Getek. There are a few
literature reports on PGA characterization at low microwave
frequencies. Williamset al. developed first-order models for a
digital PGA package up to 1 GHz by using on-wafer probing
techniques [4]. Goodmanet al. performed characterization of
a high-speed PGA package using time- and frequency-domain
techniques and reported a maximum 3-dB bandwidth of 2.2
GHz for a signal line in the multilayered PGA substrate
[5]. However, there are very few reports on extending PGA
technology for higher frequency applications. Doveet al.have
performed pioneering research on the development and mod-
eling of a PGA package for microwave microcircuits for test
and measurement instrumentation [2]. They reported that the
pin interconnect has a better than 40 dB return loss at 3 GHz
and 15 dB return loss at 10 GHz. For frequencies above 10
GHz, the complex electromagnetic (EM) issues are severe and
degrade the performance dramatically.

We demonstrate in this paper that PGA technology can be
transplanted to be a low-cost solution for even higher RF fre-
quencies in -band. In this paper, the emphasis is to develop a
second-generation PGA interconnection that has excellent elec-
trical performance to 26.5 GHz. In the next section, the package
architecture is introduced. In Section III, we perform EM anal-
ysis on the first-generation PGA interconnect presented in [2]
and optimize its return loss to 22 dB at 10 GHz. In Section IV,
we present a new interconnection configuration, which is mea-
sured to have a better than 20 dB return loss to 20 GHz. This
interconnection is successfully optimized to have a return loss
better than 25 dB at 26.5 GHz using a comprehensive analysis
method.

II. M ICROWAVE PGA PACKAGE ARCHITECTURE

The PGA package developed by Agilent Technologies is
called the multichip integral-substrate PGA package solution
(MIPPS). A sample microcircuit packaged with MIPPS is
shown in Fig. 1(b). The MIPPS mainly consists of a metal
baseplate, a single piece of ceramic substrate, and a metal
lid. An exploded view of the package assembly is shown in
Fig. 2. The 0.095-in metal baseplate is designed for simplified
machining processes with a slight recess on top to serve as
the housing for the substrate. The baseplate is made from 416
stainless steel to minimize the thermal coefficient of expan-
sion (TCE) mismatch with the ceramic substrate. A 0.006-in
conductive silver-filled epoxy preform is required between the
baseplate and the substrate to insure mechanical stability from

Fig. 2. The exploded view of MIPPS.

Fig. 3. Prototype MIPPS with first-generation soldered pin interconnection.

55 to 150 C. Gold-plated kovar pins of 0.020-in diameter are
vertically connected to the microstrip to form the RF transitions
for the microcircuits. To test the performance, some prototypes
with 50- microstrip substrates in MIPPS package are built, as
shown in Fig. 3. On the backside of the substrate, a circular area
of the grounding metal around the pin is pulled back to serve as
a ground relief clearance between the pin and the ground. The
vertical pins then go through the machined holes in the metal
baseplate where a short airline coax section is formed, as shown
in Fig. 4. In the first-generation MIPPS interconnection, both
the dc and the RF pins are connected to the microstrip using
a hemisphere of solder. The pins are all located on a 0.100-in
grid, which makes for convenient assembly on PWB or testing
in widely available PGA testers. A 0.025-in-thick alumina
substrate is used in the MIPPS prototype structures. ICs can
be attached directly to the thick film or mounted on pedestals
that come up from the machined baseplate through laser-drilled
cavities in the thick film. All bonded interconnections are easily
automated on this flat single substrate surface. The RF pin can
be plugged directly into the PWB if a low-RF-loss PWB is
being used, or to a subminiature A (SMA) connector (either
barrel or flange mount) if the RF signal is to be sent or received
through a coaxial cable.

To obtain good isolation between the circuits on the ceramic
substrate, hundreds of conductive filled vias that connect the
bottom ground plane of the circuit with the ground metalliza-
tion on the top are placed surrounding the RF signal lines, as
shown in Fig. 6(a). A lid with cavities below cutoff frequency
for isolation is then epoxied directly to the substrate using the
conductive epoxy preform. When plugging an MIPPS into
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Fig. 4. RF pin goes through the microstrip substrate and the baseplate. Two
parameters affecting the electrical performance are also pointed out.

sockets on a PWB, a metal waffle gasket is inserted between
the MIPPS and the PWB to improve the isolation between the
dc feedthroughs and the RF transitions. In addition, the dc pins
can be kept uncoupled from the stray RF energy using low-cost
surface-mount components in the module and can be plugged
into single-contact sockets on the PWB [2]. This high degree of
isolation is critical for the performance of some products, such
as the 130-dB solid-state step attenuator module manufactured
with the MIPPS packaging technology and used for a 4-GHz
signal generator. Another example of MIPPS products is an
electronic calibration module that operates from 30 KHz to 9
GHz [2].

The MIPPS packaging architecture is more cost effective and
more reliable than a traditional deep cavity metal package. First,
MIPPS uses much fewer expensive RF connectors than tradi-
tional packages. Secondly, MIPPS applies low-cost thick-film
processes and low-cost pin interconnections to microcircuit de-
sign. MIPPS modules have all the microcircuits fabricated on a
single piece of substrate, which provides significant cost advan-
tages when compared with the numerous thin-film circuits used
in traditional microcircuit modules. A thick-film circuit that has
both conductors and resistors printed on it generally costs only
10–25% as much as a similar thin-film circuit [2]. Lastly, the
MIPPS package takes advantage of automated assembly tech-
niques for improved reliability over the manual placement and
lineup of thin-film circuits in traditional packages.

III. FIRST-GENERATION INTERCONNECTION FOR10-GHz
APPLICATION

In the first generation of the pin interconnect, the top of the
pin is soldered to the 50- microstrip lines using a 0.052-in
circular solder pad, which can provide sufficient mechanical
robustness, as shown in Fig. 3. For measurement purpose, the
bottom of the pin is inserted into a high-performance SMA con-
nector.

The HP8510C network analyzer is used to obtain the-pa-
rameters of the prototype. A finite-element method (FEM) tool

Fig. 5. Measured and modeled performance of the first-generation MIPPS
package with soldered pin interconnection.

suitable for simulating arbitrary three-dimensional (3-D) geom-
etry objects is used to perform EM modeling and analysis [6].
Fig. 5 shows the measured and modeled performance of the in-
terconnection. This soldered pin transition exhibits a return loss
better than 20 dB below 8 GHz. The return loss at 10 GHz is
15 dB, which is acceptable for many commercial applications.
However, the return loss degrades quickly above 12 GHz.

A careful EM analysis has been performed on the intercon-
nection by virtue of the field-displaying capability of the EM
tool. It reveals some electromagnetic phenomena, which ex-
plains why the interconnection is not efficient for signal propa-
gation at high frequency. Since the vertical pin makes the field
transition from the microstrip to the coax line, two EM field
view planes across the pin are chosen: one is inside the alumina
substrate and is located 10 mil below the microstrip signal line;
the other is across the middle of the baseplate through hole, as
shown in Fig. 6(a). The E-field at these two planes is snapshot
at 10 and 26 GHz, respectively, and is displayed in Fig. 6(b) and
(c). From Fig. 6(b), the E-field at 10 GHz is much stronger at the
pin side opposing the microstrip, and this phenomenon is more
significant at 26 GHz; furthermore, the E-field energy tends to
dissipate into the whole substrate at higher frequencies. From
the field distribution at view plane 2, the E-field does not have
a radially symmetrical transverse electromagnetic mode (TEM)
wave pattern, and the dissymmetry becomes more severe at 26
GHz compared with at 10 GHz, as shown in Fig. 6(c). Time-do-
main reflectometry (TDR) measurement has shown a capacitive
region near the solder ball, which indicates that the solder ball
is a major factor in limiting the performance of the interconnect
at higher frequencies.

From several experiments, we find that the performance of
the interconnection is sensitive to the geometrical parameters,
including the baseplate through hole diameter and the circular
relief in the ground plane of the alumina. The 3-D EM tool [6]
helps to determine the optimal values for these two parameters.
The capacitance of the solder ball can be offset with some induc-
tance by changing the two parameters. The optimized diameter
of the ground clearance is between 140 and 200 mil, and the di-
ameter for the hole in the metal baseplate is 90 mil. Fig. 7 shows
the dependence between the return loss and those two parame-
ters at 10 GHz. It shows that the return loss of the transition can
be improved to 22 dB at 10 GHz. A prototype transition with
a 143 mil-diameter ground clearance is fabricated according to
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Fig. 6. Full-wave analysis of the first-generation interconnection. (a) Three-dimensional HFSS model for the first-generation MIPPS interconnection. Two planes
are chosen to perform full-wave EM analysis. (b) E-field energy tends to propagate into space at high frequency, as seen at plane 1. (top)f = 10GHz and (bottom)
f = 26 GHz. (c) E-field shows a noncylindrically uniform pattern in the baseplate through hole at plane 2. (top)f = 10 GHz and (bottom)f = 26 GHz. (d)
Scale of the electrical field.

these optimized data, and its measurement data confirms the op-
timization result. TDR from the measurement and simulation
data also shows good agreement, as shown in Fig. 8.

IV. SECOND-GENERATION INTERCONNECTION FOR26.5-GHz
APPLICATION

A. Design

We have developed a second-generation interconnection that
successfully improves the operating frequency to 26.5 GHz. In
the new interconnection, the solder ball is replaced with a short

ribbon bond as the electrical path from the microstrip to the pin,
thereby removing the parasitic capacitance of the solder. The
hole in the thick-film alumina substrate is made significantly
larger than the pin to reduce capacitance, and the pin is placed
eccentrically in the hole to minimize the length of the ribbon
bonds, as shown in Fig. 9. The cross-section view at the symmet-
rical plane of the interconnection is shown in Fig. 10. The metal
baseplate is machined with a hole that is different from that in
the first-generation interconnection. The top 19 mil of the hole
is drilled with a 46-mil radius. This hole, together with the pin,
forms a coax line with a characteristic impedance of 50. The
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Fig. 7. The performance of the first-generation MIPPS interconnection is
sensitive to the baseplate through hole diameter and the backside ground relief
diameter. Optimization result shows that the return loss can be improved to 22
dB at 10 GHz.

Fig. 8. Measured and modeled TDR response of the optimized MIPPS
soldered pin interconnection matches very well.

hole is then made larger to accommodate a 50-hermetic seal,
which provides mechanical support for the pin as well as higher
electrical performance. In the prototype, the edge-to-edge dis-
tance from the pin to the ceramic is 10 mil.

The HP 8510C network analyzer is used to obtain the per-
formance of a prototype interconnection. The 3-D EM model

Fig. 9. Test structure of the second-generation MIPPS interconnection with
ribbon bond.

(a)

(b)

Fig. 10. (a) 3-D HFSS model for the second-generation MIPPS
interconnection. (b) The pin is placed eccentrically in the substrate hole.

predicts the performance quite accurately. Fig. 11 shows the
return loss and the insertion loss. The measured return loss is
better than 20 dB from dc to 20 GHz, and the insertion loss is
well below 1 dB to 26.5 GHz. EM analysis is also performed on
this second-generation interconnection. Similar to that in Sec-
tion III, two view planes are chosen: one is 10 mil below the
microstrip line in the substrate and the other is across the 50-
hermetic seal, as in Fig. 10. The E-field distribution is observed
both at 10 and at 26 GHz. Fig. 12(a) shows the E-field across
the substrate.

Compared with that in the first-generation interconnection
(Fig. 6), we see that the interconnection guides most of the field
energy to propagate from the pin to the microstrip. In the base-
plate hole, the TEM wave pattern is dominating and higher order
modes are not obvious, both at 10 and at 26 GHz.
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(a)

(b)

Fig. 11. Measured and modeled performance of the second-generation MIPPS
interconnection. (a) Return loss and (b) insertion loss.

B. Optimization of the Performance to 26.5 GHz Using a
Comprehensive Analysis Method

The 3-D EM tool provides -parameters for the package. It is
also used to serve as a platform to optimize the microwave pas-
sive structures using the traditional computer-aided optimiza-
tion (CAO) methods [6]. The tool provides vivid presentation
of electrical and magnetic field distribution as well as current
flow at any particular frequency point, which gives insight to
the physical mechanism of the package. However, it does not
give a straightforward hint as to which area should be optimized.
The traditional CAO procedure thus requires many iterations of
“trial-and-error” cycles to identify where to optimize. Usually it
can take a long time and occupies a lot of computer resources.
In this paper, we propose a comprehensive analysis method that
combines the traditional CAO method and time-domain anal-
ysis. We use it to optimize the second-generation interconnec-
tion successfully. TDR data provide a direct link between the
electrical behavior and the physical position in the signal trans-
mission path. It discloses the impedance and parasitic induc-
tance or capacitance at any point along the signal transmission
path. Thus it is easy to identify the area such as those with big
impedance mismatch and parasitic inductance or capacitance,
which usually have the most significant affect on performance.
In the comprehensive optimization method, the package is first

(a)

(b)

Fig. 12. Full-wave analysis of the second-generation MIPPS interconnection
shows that the E-field energy is propagating along the signal path properly and
there is no obvious disturbance to the field. (a) E-field distribution across the
view plane 1. (top)f = 10 GHz and (bottom)f = 26 GHz. (b) E-field
distribution across the view plane 2. (top)f = 10 GHz and (bottom)f = 26

GHz.

Fig. 13. TDR responses from measurement and model of the
second-generation interconnection match very well. The TDR response
provides a clear image that the dominant parasitic in the interconnection
is inductive.

simulated using the 3-D EM tool, and the-parameters are con-
verted to TDR data using Agilent’s Advanced Design System.
After the most sensitive region is determined from the time-do-
main data, the full-wave EM behaviors are observed to under-
stand the physical basis behind the electrical performance, and
modification to or redesign of that region can be made according
to the observations. The EM tool is then applied to simulate new
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(a)

(b)

Fig. 14. Optimization result shows that the interconnection can achieve a
better than 25-dB return loss over dc to 26.5 GHz, and it is possible to extend
a good performance to 30 GHz. (a) Performance dependence on the distance
between the pin and the edge of the hole in the alumina substrate. (b) TDR
response shows that the inductance of the ribbon bond is suppressed more when
the pin is moved closer to the edge of the hole. This is because the parasitic
capacitance is bigger when they are closer, which compensates the parasitic
inductance.

package designs. The iteration of EM simulation, time-domain
analysis, and refinement of the structure may need to go on sev-
eral times before the electrical performance specification is met.
The optimized geometry is recorded and used to build test struc-
tures. The comprehensive optimization method avoids the long
“guess” period spent for recognizing the most important parts
and geometrical parameters in the structure, which is necessary
when optimizing a complex 3-D structure using the traditional
CAO method.

C. Results and Discussion

The TDR measurement of the second-generation intercon-
nection unveils an inductive region in the signal transmission
path, as shown in Fig. 13, which is due to the ribbon bond in-
terconnection. Optimization of the interconnection can be done
in either of two ways: reducing the parasitic inductance of the

ribbon bond or providing a compensating capacitance.To reduce
the parasitic inductance, the ribbon bond can be made shorter,
down to the bonding process limitation of 20 mil. A 3-D model
with this bond length still exhibits great inductance. To compen-
sate it by adding parasitic capacitance, the source of compen-
sating capacitance can be found from full-wave analysis. From
Fig. 12(b), the E-field energy is highly concentrated near the
shortest gap between the pin and the hole edge, which demon-
strates a possible capacitive region. By moving the pin closer
to the hole edge, the capacitance is increased. EM simulation
shows that when the shortest gap distance is as small as 4 mil,
the inductive peak in TDR response is greatly suppressed and
the return loss is better than 20 dB up to 26.5 GHz. As the gap
distance decreases further to 2 mil, the parasitic capacitance will
be large enough to completely compensate the inductance of the
bond wire. The return loss is improved to be better than 25 dB
from dc to 26.5 GHz, as shown in Fig. 14.

Fig. 14 shows that it is possible to achieve 20-dB return loss
up to 30 GHz. After the test structure is built, more optimization
will be performed.

V. CONCLUSION

We have presented a novel 26.5-GHz PGA package design
for microcircuits and microwave subsystems packaging. Com-
pared with the traditional deep cavity metal packaging technolo-
gies, this packaging solution can reduce costs by more than 50%
and yet maintain the high performance required at RF and mi-
crowave frequencies. Experimental and simulation results for
the RF package interconnects have shown a return loss better
than 20 dB to 20 GHz. Additional optimization of the transition
has successfully extended the performance to 26.5 GHz. This is
the first time that the PGA technology is successfully applied to

-band microwave packaging.
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