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Abstract-A new millimeter-wave package architecture with

supporting electrical, mechanical and material science experi-
ment and analysis is presented. This package is well suited for dis-
crete devices, monolithic microwave integrated circuits (MMIC’S)

and multichip module (MCM) applications. It has low-loss wide-

band RF transitions which are necessary to overcome manufac-
turing tolerances leading to lower per unit cost. Potential appli-

cations of this new packaging architecture which go beyond the

standard requirements of device protection include integration of
antennas, compatibility to photonic networks and direct transi-

tions to waveguide systems.

Techniques for electromagnetic analysis, thermal control and
hermetic sealing were explored. Three dimensional electromag-
netic analysis was performed using a finite-difference time-domain
(FDTD) algorithm and experimentally verified for miUimeter-
wave package input and output transitions. New multi-material
system concepts (AIN, Cu, and diamond thin films) which allow

excellent surface finishes to be achieved with enhanced thermal
management have been investigated. A new approach utilizing

block copolymer coatings was employed to hermetically seal pack-

ages which met MIL STD-883.

I. INTRODUCTION

M ILLIMETER-WAVE systems for commercial, NASA,

and DoD applications are rapidly emerging requiring

high frequency packaging technology. Affordable packages for

individual devices and multi-chip components which provide

excellent electrical and mechanical performance was named

as a major challenge at the special technology area review

(STAR) on microwave packaging [1].

This article describes the key characteristics of a new

package architecture [2]–[4] which is shown in Fig. 1. Section

II describes the package concept in more detail. We address

the electrical design of the external RF package interconnects

in addition to novel mechanical and material concepts for

substrates with smooth surface finishes and high thermal

spreading capability. We also describe a simple yet effective

hermetic sealing method using a block copolymer coating that

was tested on standard Ku-Band packages. We conclude with

a brief description of novel applications of our basic package

architecture and summary of results in Sections III and IV,

respectively.

A. Future Spacecraft Needs

Potential future JPL/NASA missions (such as: Pluto Fast

Flyby, Small Solar Probe, Mars Surveyor Program, and The
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Fig. 1. New manufacturable millimeter-wave package. The excellent wide-
band response of the inpntiontput transitions relaxes assembly tolerances

thereby decreasing manufacturing costs. It is applicable to packaging dis-

crete devices as well as MCM’s and can incorporate new hermetic sealing

techniques and thin frhnheat spreaders.

Discovery Series etc.) are minimizing spacecraft mass in

order to accelerate mission plans and reduce costs by using

smaller launch vehicles. Electronic packaging accounts for up

to 30% of the overall spacecraft mass and the use of high

density packaging is necessary to achieve mass and volume

reduction goals in order to enable the use of Pegasus and

Delta II launch vehicles, for example. Consequently, advanced

high density electronic packaging has been identified as a

high priority technology need in the near term by JPL pre-

projects.

The need to minimize mass and increase science return have

influenced telecommunication system and hardware designers

to use high density packaging technologies and to employ X-

and Ka-Band frequencies to enhance mission data rates. High

frequency packaging can reduce telecommunication subsystem

mass as much as 409%0[5].

During our concurrent development of a 32-GHz high power

solid state power amplifier for spacecraft transmitters and

a 30-GHz active array for the Advanced Communications

Technology Satellite (ACTS) Mobile Terminal we could not

purchase an existing commercial package. This provided our

prime motivation for the development of a manufacturable Ka-

Band package. Due to limited funding, we concentrated on the

development of new techniques such as package architecture,

3-D electromagnetic analysis, and material composition with

the intent that our solutions could be transferred to industry to

overcome this lack of availability. In fact, only recently have

“commercial” packages been developed which can break the

30-GHz barrier [6], [7].
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B. High DensiQ Packaging and Key Characteristics

Microelectronic packaging provides four basic functions [8]:

● Power distribution

● Signal distribution

● Heat dissipation

● Environmental protection.

High density electronic packaging refers to the incorporation

of multiple integrated circuits, as bare die and passive compo-

nents on a common interconnecting substrate. This format is

commonly referred to as a multichip module (MCM). Signif-

icant improvements in circuit density are attainable (10–30

times), as compared with printed circuit board technology.

Mass and volume reductions of 7570 for advanced spaceborne

computers using high density packaging technologies have

been demonstrated.

For high-density high-frequency (1–100 GHz) packages, the

performance requirements of the aforementioned list are more

stringent. Signal distribution becomes a major challenge as

the frequency and packaging densities increase. Stray radi-

ation in the form of crosstalk and package moding become

limiting factors which must be addressed in order to preserve

performance. The interconnecting networks into and out of the

package must have low loss characteristics and be impedance

matched to the adjacent networks. Three dimensional high

density formats which use multilayer material systems and

embedded components further complicate signal propagation

characteristics and thermal management issues.

Any packaging technology development for Monolithic

Microwave Integrated Circuits (MMIC’s) or discrete devices

should be capable of being converted into an MCM. This is

where high-density packaging is most effective in reducing

cost and subsystem mass and volume.

II. PACKAGE DESCRIPTION

A. First and Second Level Packaging

Two packaging levels have been established. Packaging at

the chip/device interconnect regime is considered at level

1. The housing and external interconnection of the pack-

age are at level 2. As we try to miniaturize and simplify

the package design, levels 1 and 2 merge together. First

level packaging involves die and substrate attachment and

interconnect methods. For low frequency electronics, many

different methods have been developed for multichip modules

(wire-bond, tape-automated bond, bump bond, chip-first with

interconnects to the host substrate deposited on top, and

others). There are many options and tradeoffs at the early

design phase which strongly influence the final module cost

[9]. At higher frequencies, the methods are not yet as exotic,

primarily limited to eutectic solder or epoxy substrate and die

attach with wire-bond interconnects. Some flip chip MMIC’s

are becoming available from certain foundries. The package

topology proposed would be able to accommodate all the

various low and high frequency first level interconnection

schemes.

The second level is the traditional outer housing, what

most microwave system engineers think of when talking about

packaging. Traditionally millimeter-wave planar circuits are

embedded in a below-cutoff channel where a striplinle to

waveguide transition is employed and a hermetic waveguide

window seal ensures complete closure. An alternate approach

is to use a stripline-to-coaxial glass bead which provides a

hermetic transition. As millimeter-wave circuits shrink with

further integration, the housing and transitions become the

limiting factors in reducing mass and volume of the compo-

nent. Furthermore, for high frequencies the tight mechanical

tolerances required drive up traditional package manufacturing

costs [1].

With the onset of MMIC’S, there have been a few efforts to

provide generic packages [10]–[14]. Many of these emplclyed

a microstrip-stripline-microstrip transition into and out of

the package. The version made from quartz substrates had

very low loss, however achieving hermeticity was a problem

and work has stopped in this area. Most recently, alumina

packages with very low insertion loss (0.6 dB) has been

reported. Unfortunately, these packages are not commercially

available. In another case, if a package or cavity size requires

modification, a large non-recuming charge is involved with at

least a year wait before delivery.

B. Topology and Manufacturability

A package concept under development at JPL [2] addresses

the needs of a compact, hermetic, low loss package for

millimeter-wave devices and MMIC’s. It is comprised of

a multilayer planar circuit structure where the input and

output RF signal paths are in microstrip. A microstrip topol-

ogy was selected for ease of interconnection to MM[C’s

and discrete devices inside the package and to microstrip

embedding networks outside (although many other planar

transmission line media are compatible with the package

architecture). The foundation of the package, called the struc-

tural substrate, is the base onto which devices and signal

distribution circuits are mounted (Fig. 2). It provides the

ground plane for the microstrip input/output (1/0) and a means

for attachment of a package cover for hermetic sealing. Besides

being the key for structural support, the structural substrate

significantly affects thermal management and RF signal ilow.

Its material may be metallized dielectric (Fig. 2(a), metal

(Fig. 2(b), metal matrix, or new thin film high conductivity

multilayer films on ceramics depending on the requirements

for thermal management [15]. The I/O RF signals couple

through apertures in the ground plane fabricated on the struc-

tural substrate (Fig. 2(c). These I/O transitions are broadband

which eases fabrication tolerances to make the package readily

manufacturable with standard hybrid microcircuit processes.

Interconnecting circuits, other active or passive devices, or

even drop-in carriers can all mount to the structural substrate.

This planar, multilayer package topology will readily adapt

to a MCM architectures where the interconnecting circuits

can be realized by either conventional ceramic technology or

other more exotic high density interconnect techniques (e.g.,

organics).
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Fig. 2. Package topologies: (a) Single substrate which provides mechanical,
thermal and electrical support. (b) The structural substrate is replaced by a

thicker ground plane. This approach requires better alignment between the
substrates as well asamore complicated coupling approach. Theadvantagels
better thermal management. (c) Nomenclature for the single substratetopology.

C. Electrical Design of Transitions

The standard microstrip-stripline-microstrip transition inher-

ently has two physical discontinuities thereby creating the

potential for high radiation loss at millimeter-wave frequen-

cies. The approach taken in our design was to use vertical

interconnects through a ground plane. An elegant physical

model of this transition based on a Green’s function analysis

is presented in [16] for an X-Band geometry. In our Ka-Band

work, bandwidth in excess of 10 GHz was measured on an

alumina prototype. Early work onmicrostrip vertical intercom-

nections is traceable to direct line-to-line couplers [17]–[20].

For packaging applications thereis aneedfor ground plane

continuity and shielding as well, which suggests a vertical

transition from planar transmission line through an aperture, to

another planar transmission line beneath the common ground

plane. Most work in this area has been applied to couplers and

feeds for antennas [16], [21]–[27]. Simulations clearly show

that very efficient wideband transitions are quite feasible and

this has been verified experimentally in [16] and [24]. In this

work, we extend the useful applications of this type of vertical

interconnect to packaging, where circuit densities increase, and

three-dimensional space needs to be considered. Based on the
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Fig. 3. Comparison of 2.5-D electromagnetic solver versus a full-wave

3-D solution using finite difference time domain (FDTD) code for a single

transition. Both the structural and interconnect substrates are on 10 mil
afumina. Note that both simulations exhibit the wideband characteristics;
however, as will be shown in Fig. 5, the FDTD gives results validated by

measurement. A2.5-D solver is very useful for imtial trend analysis and first

order designs.

past published work, a rectangular aperture seems to be the

best geometty to employ. Circular geometries seem to be better

suited for low coupling applications [25].

Computer-aided analysis using two different techniques was

used to determine the optimum design of the RF transition.

The first was a commercial 2.5-D electromagnetic simulator

(emm, a product from Sonnet Software). The second was

a finite-difference time-domain (FDTD) code developed at

JPL [28] which runs on the JPL Cray Y-MP Supercomputer.

Both electromagnetic simulation tools are easy to use. The

three-dimensional FDTD method is a general, straight-forward

implementation of Maxwell’s equations and provides for the

rigorous solution of a variety of electromagnetic wave prob-

lems [29], [30]. In our development, we used an orthogonal

grid with second order absorbing boundary conditions for the

grid terminations. Frequency-dependent circuit and scattering

parameters were obtained by taking the Fourier transform of

time-domain quantities and then taking the proper ratios.

Since the FDTD method is carried out in the time-domain,

it is amenable for use in solving configurations containing

nonlinear devices. In fact, more recent work with the FDTD

method has extended its use to include both passive and active

lumped element devices, where the electric and magnetic fields

are determined by satisfying the FDTD difference equations
and the i-v characteristic of the device. We are currently work-

ing towards applying the FDTD method to analyze MMIC

packages, both the passive aspects of the package, i.e., the

transitions and overall configuration, and the effects of the

package on the active component performance.

The geometry was optimized for bandwidth and insertion

loss with the analysis of a single transition (Fig. 3). Minor

differences in the results of the two methods lie in the

formulation and geometry. In the FDTD code, properly placed

conducting planes and absorbing boundary conditions are used

to simulate our open package geometry. In em unbounded

or open planes are simulated by invoking absorbing layers,
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Fig. 4. Transmission and reflection design trends for a single transition as a

function of metatlization geometry. (a) Plot of insertion and return loss versns

stub length indicates that assembly tolerance in atigning the stmctnrat and
the interconnect substrates is W3Jl rnils. Insertiou loss and return loss versus

slot length (b) and slot width (c) indicate that etchbrg tolerance for the slot

coupling aperture is N3 roils. Both the structural and interconnect substrates
are on 10 mihdumina. The simulation was done using em.

therefore the walls containing the input and output ports
remain defined as conductors. With changes in the printed

geometry (Fig. 4), em gave very good results for predicting

trends and sensitivities. A more accurate physical model was

analyzed using FDTD and experimentally validated (Fig. 5).

To analyze our geometry Fig. 2(a) we divided the package

in half to decrease the overall computation time. By cascading
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Fig. 5. Measurement and model (using FDTD) of a back-to-back transition.
Both the structural and interconnection substrates are on 10 soil atumina~ and

the total length was 2.54 cm. The insertion loss is less than 0.7 dB (for two

transitions only—this does not include the rnicrostrip tine loss) over 10 GHz

and the return loss was better than 20 cU3. Fixture mismatch at the li gher

frequency end degrades the comparison.

the S-parameter results for two single transitions we are able to

analyze a full back-to-back transition test structure. We excited

the input transition via an open microstrip configuration into

a shielded microstrip environment. For the sake of complete-

ness we performed another analysis of a shielded microstrip

excitation transition to an open microstrip line. The calculated

networks were cascaded together to give the overall package

characteristics. For a single transition, our FDTD analysis

employed a time step of 0.1 ps and spatial steps of 0.0508,

0.0635, and 0.0508 mm in the z, y, z directions, respective] y in

order to maintain numerical stability and to achieve sufficient

accuracy up to 50 GHz. The total number of cells was 101,

201, and 61 in the z, g, and z directions, respectively. The

CPU time required to calculate the fields, voltages and cunrents

for the transition was 1092 s on the Cray YMP. To obtain S-

parameters requires analysis of a calibration line (815.2 s) and

Fourier transformation (9.2 s). For comparison, em required

roughly 2400 s per frequency point for a similar structure

comprised of 2030 subsections, run on a Sun Sparcstation2.

The simulator, em, was used very effectively to optimize

geometric parameters at a specific frequency of interest, and

FDTD was used to determine the broadband response.

The performance of the RF transition is a function of several

parameters. Our initial design was determined by varying the

length of the microstrip open stub and the width and length of

the coupling aperture (rectangular slot in the ground plane).

Transmission and reflection as a function of stub length and

slot width and length were calculated using em. The results

of these analyses are plotted in Fig. 4. The insertion and

return loss at 32 GHz are not significantly affected by changes

in these physical parameters which means alignment is less
critical and the transition can tolerate fabrication errors less

than several roils. Note that the response can be optimized

at a single frequency for many combinations of stub and slot

length, but the upper and lower cutoffs for the passband will

shift. The transition is well suited for broadband applications

and is extremely important for low cost manufacturing. The
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low frequency cutoff is determined by the lengths of the stub

and slot. Fig. 5 shows good agreement between measured and

modeled performance of our prototype back-to-back transition.

At the higher end of the passband our measurement accuracy

was degraded due to fixture mismatch. The work shown was

a first pass design; thus, demonstrating the robustness and

simplicity of the architecture for millimeter-wave applications.

D. Substrate Material Requirements

The structural substrate must provide an efficient low

impedance path for heat dissipation. One solution is to utilize a

thick ground plane, e.g. copper or copper-tungsten [Fig. 2(b)].

However, this complicates the package structure and increases

manufacturing costs. An alternative is to use a substrate

which can easily spread heat to a thermal sink. In addition to

excellent thermal properties the material must have a similar

thermal coefficient of expansion to the interconnect substrate

and the active devices. Although alumina has excellent low

RF loss properties, its thermal conductivity is poor (N30

W/mK). Beryllia is often used for high power; however,

aluminum nitride (AIN) has become preferable due to its

non-toxic properties as well as compatibility of coefficient of

thermal expansion with GaAs devices. Thermal conductivity

of AIN (w260 W/mK) can be higher than that of aluminum

(N200 W/mK) if made properly. From work which has been
done in studying thermal fatigue of conductors on AIN

microstrip lines for high frequency applications we have

determined that bulk AIN is quite lossy compared to alumina

for millimeter-wave frequencies [31]. This is mainly due to

the high surface roughness. Ultra high- density AIN fabricated

at JPL had 7 #in rms surface roughness while commercial

(low density) AIN samples had a surface roughness of about

3 #in. Alumina is typically <1 #in and only recently have

commercial AIN sources begun to achieve similar finish. We

have investigated a novel solution which involves the thin

film deposition of high density AIN on polished alumina

substrates. The AIN films are deposited using RF magnetron

reactive sputtering of an Al target in the Nz/Ar gas mixture.

The alumina substrate is polished and deposition conditions

ensure that our film will have the same surface characteristics

as the host substrate. This is a way to overcome high RF

losses due to surface roughness. Calculations show that a

10 ~m thick film of AIN will have high enough thermal

conductivity to keep a 0.5 W (2090 power added efficiency)

MMIC amplifier at a maximum junction temperature of

110”C. Junction temperatures of GaAs MESFET MMIC’S

as a function of thin film heat spreading layer thickness were

calculated for aluminum nitride, copper, and diamond are

shown in Fig. 6. We developed both thin film copper and

AIN on alumina processes for thermal spreader applications

[15]. Although the thermal conductivity of AIN is lower, its

coefficient of thermal expansion is better matched to alumina

thus making it more attractive than the copper or diamond-like

films. In the future, other material systems such as diamond

thin films can be considered. The structural substrate itself

may be a diamond-like material.

Microstrip lines were fabricated on AlN-coated alumina

substrates and thermal cycled (–50°C to + 125”C) in order

to observe the effects of thermal fatigue of the conduc-

tor/substrate interface. After 135 thermal cycles, no degrada-

tion in insertion loss of the microstrip was observed. We used

sputtered Cr/Au bilayers to fabricate microstriplines. Cr and

Au films were deposited by RF magnetron sputtering in Ar

gas. The thickness of the Cr layer was about 10 nm and the

thickness of Au was 3.7 flm. The details of deposition and

properties of Cr/Au bilayers are given in [32].

E. Package Assembly

The next critical issue is the attachment of the interconnec-

tion substrates to the structural substrate. In order to allow

for reworkability of devices, the substrates attachment should

employ a high temperature process. Sintering at first looks

appealing, however the temperature required in this process

is above the evaporation point of gold (860° C) which is our

ground plane metallization. Glass sealing is another possibility.

The easiest solution was to use a very thin high-temperature

nonconductive epoxy (in order to avoid short-circuiting the

coupling apertures), although outgassing of the epoxy is a

concern for space applications.

Incorporating DC bias and control lines, although electrical

in nature, becomes largely a materials problem. One approach

is to use filled vias through the substrate. Metallized vias in

alumina substrates have been successfully demonstrated using

laser drilling techniques. For AIN there is less information. A

variety of via sizes were laser drilled in commercially available

thick AIN substrates, and some microcracks were observed.

Further work should be done to evaluate the reliability of metal

filled vias in these multilayer structures. A second alternative is

to print the bias and control lines within the ground plane. Care

must be taken to avoid DC short circuits while maintaining a

continuous RF ground to a soldered lid. Glass-to-metal seals

will provide electrical isolation, however difficulty arises in

hermetically sealing the package. Due to limited resources,

we did not pursue this subject in detail.
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F. Hermeticity

Conventional hermetic electronic packages are usually

sealed by soldering, brazing, laser welding, or seam sealing

a lid over the contents of the package. We investigated a

radically different approach in this area. A package would

be sealed (but not hermetic) by soldering a cover to enclo{e

the package, then a block copolymer coating (Teledyne TBC-

P9632) would be painted onto it and cured at room temperature

to achieve hermeticity. The coating has the viscosity of water

and is easily removed. Areas that we don’t want coated

(e.g. where we want DC and ground plane continuity) can

be masked off with paraffin and later removed. Our initial

experiment was to take a standard Ku-Band commercial

package, attach the lid with epoxy, and coat with the block

copolymer coating. We used the MIL STD-883, method 1014

procedure to determine fine and gross leak properties. With a

single coat, we achieved a fine leak rate of 10–7/cc, however

the package failed the gross leak test. The gross leak failure

was due to a degradation in the epoxy attachment of the

lid. Two more tests were performed, under better controlled

conditions. One package was sealed with epoxy, and one was

sealed with solder. Both packages were coated with three

layers of block copolymer material and both failed fine leak

tests. The packages were then thermal cycled and leak tested

again. Hermeticity of the soldered package improved, passing

fine and gross leak tests after 100 thermal cycles (–55 to

75”C). Therefore, the simple sealing techniques and thermal

curing of the block copolymer coating may be an alternative

method of achieving hermeticity. More work should be done

in this area.

III. NOVEL APPLICATIONS

The basic package structure presented in Section II was for a

simple drop-in application where both input and output embed-

ding networks were microstrip. However, this approach can be

used with many other printed structures and transmission line

types. For example, the microstrip patterns on the top side of

the structural substrate can be printed probes for a waveguide

to microstrip transitions (see Fig. 7). In this application we

can achieve a simple hermetic component within a single

drop-in package. The next logical use is to incorporate an

antenna as part of the top structural substrate pattern (e.g. for

patch antennas, or even non-planar structures such as miniature

horns).

The package itself may be considered as a 1:1 transformer.

Based on this interpretation we can investigate new methods

of matching into low and high impedance devices from the

package level versus at the chip level (take advantage of level

2 packaging).

The real advantage of high density packaging is for the
incorporation of many chips to comprise a MCM. This leads to

IV-port capability which is achieved by the use of multiple pla-

nar and 3-D inputloutput transitions. The package architecture

can be modified to include septums to provide higher levels

of isolation for special applications, where circuit density is

high and multiple ports are accommodated.

INTEGRATED WAVEGUIDE PROBE

/

(a)

PLANAR PATCH ANTENNA

\ OPTICAL SIGNAL

(“
Fig. 7. This new package architecture can be employed for additiorrat
functionality beyond device protection. (a) Waveguide probe transition is

incorporated as part of the strncturat substrate. This allows for a complete
component to be “dropped” into a waveguide system. (b) Novel planar

antenna feeds, etc. can be incorporated into the structured substrate thereby
increasing modularity and saving in component cost. (c) Optical signal can
be incorporated into thk packaging architecture via the strncturat substmte, a
window in the package lid or via a fiber transition (only the window uption
is shown).

In addition to the aforementioned features, optical inter-

connects for advanced system may be explored via a jiber

transition or employing transparent or focusing structures as

part of the structural substrate and/or package lid.

IV. CONCLUSION

We have investigated key features of a new millimeter-wave

package architecture, employed full wave 3-D electromagnetic

modeling to design efficient wideband package transitions,

developed new material techniques to address the thermal

management issues, and initiated the investigation of a unique

approach to achieve hermeticity. We have shown both the-

oretically and experimentally that millimeter-wave vertical

interconnects are feasible with extremely low insertion loss

and that the wideband characteristics solve the tolerance

problem which drives up the cost of making millimleter-

wave packages. New thin film multimaterial substrate systems

provide high thermal conductivity in comparison to alumina

while having a coefficient of thermal expansion close to that of

GaAs. This approach allows us to take advantage of excellent

surface smoothness (therefore, low loss) material properties

of alumina. Finally, we have described unique applications of
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this package architecture which go beyond the traditional use

of protecting a device. The package itself can be employed

as part of a matching circuit, waveguide transition, antenna

feed and even an antenna itself. One can go further to make

it compatible with photonic networks.

The analysis and demonstration of the critical features of

this novel package (rather than a specific point design) was

addressed since a final package geometry is a user defined

quantity. This work was performed with the intent of providing

a path towards affordable millimeter-wave packages which

industry can adopt.
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