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Abstract—High-frequency planar circuits experience large elec- signal propagation, which is sensitive to this type of coupling
tromagnetic (EM) coupling in dense circuit environments. Asare- (j.e., substrate mode or parasitic), results in degraded electrical
sult, individual components exhibit performance degradation that performance of the circuit.

uItimater_ limits over_all cirpui? response. Th?s paper addre_sses In the past, several approaches have been taken to un-
crosstalk in planar microstrip lines by evaluating micromachined AR ; i

packages as a means to reduce coupling. Microstrip lines with derstand and minimize crosstalk interactions between planar
straight and meandering paths can exhibit crosstalk coupling as circuits. For example, numerical models have been devel-

high as—20 dB (i.e., when placed in a side-by-side arrangement). gped to predict the appropriate placement of planar circuit

From our study, inclusion of a monolithic package reduces this yeometries that produce the least interactions [1]. In this case,

effect by as much as—30 dB and, consequently, offers the i ducti the highest priority i hieved. but
requisite electrical and environmental protection in addition to coupling reduction as the highest priority 1S achieved, bu

shielding of individual elements from parasitic radiation. Pre- Optimization of size, placement, and space utilization are not
sented herein is the development of the micromachined package considered. In another, packaging methods were developed

for microstrip geometries. Included in the discussion are crosstalk tg reduce coupling by separating different circuit functions
effects between straight and bending geometries in open and ;i modular components similar to multichip module (MCM)

packaged configurations and an evaluation of package noise h Bv d ina | t int I it
characteristics. A packaged antenna element is also included as adPproaches. by aecomposing large systems into smaller units

demonstration of the potential use of micromachined packaging [2], interactions are reduced between different circuit func-
in array applications. tions. While this is an effective approach for large-scale

Index Terms—Antenna array feeds, crosstalk, micromachining, ill"ntegr.ated (LSI) CirC.Uit_S' this_apprO?Ch.does not address EM-
MMIC’s, packaging. field interactions within a given circuit layout that can be
difficult to control and are known to cause degradation in the
overall circuit performance.

This paper addresses crosstalk between two types of mi-

N HIGH-FREQUENCY applications, planar circuits anccrostrip lines (i.e., straight and meandering) that represent
antennas are an integral part of high-performance comnfundamental building blocks to high-density interconnects and
nication system design due to low cost, light weight, and smg@hased-array applications. The objectives of this paper are:
size. Low-power handling capability and unlimited potentidl) to develop low-cost package solutions for microstrip lines;
for miniaturization are two important motivations for usin@®) to study the crosstalk behavior associated with open and
planar circuit technology. Given today’s demand to redugemckaged geometries; 3) to assess the noise associated with
entire electronic communication systems onto a single chiponolithic packages; and 4) to demonstrate the integration of
there is tremendous need to develop approaches that offer highackage with planar elements common to array applications.
levels of functionality with low power consumption. Increasing
the frequency of operation inherently reduces circuit size.
This fact, coupled with the planar nature of these circuits,
also increases the design flexibility in high-density packag- Microstrip offers many advantages for compact circuit
ing of passive and active elements found in semiconduct®iniaturization in high-frequency circuits and antennas.
environments such as silicon or GaAs. Crosstalk, a critichl addition to the small size, low profile, and ease in
performance parameter, is common in most high-density cfonformability, there are many circuit design models and
cuit layouts and occurs when circuits are located in clo§émulation tools readily available for a designer's use. In
proximity to each other. Furthermore, electromagnetic (EMHjis paper, the crosstalk between straight and meandering
microstrip lines is addressed by evaluating the EM coupling

Manuscript received December 12, 1996; revised April 7, 1998. This wofund in different layouts and comparing them to the coupling
was supported by the Army Research Office under Grant DAAL03-92-G01found in an open and packaged configuration. The latter
and by the Office of Naval Research under Contract NO0014-92-J-1070. ?esign is developed using Si micromachining technology [3]

I. INTRODUCTION

Il. DESIGN CONSIDERATIONS
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Fig. 1. Circuit topology. (a) Open microstrip on full thickness wafer. (b):.
Packaged microstrip on reduced thickness wafer. The circuits are suppor
on a membrane dielectric on top of an Si substrate consisting of an ox-
ide/nitride/oxide tri-layer of 7500/3500/4500 thickness, respectively.

3. (@) Front view drawing of a microstrip printed on an inverted lower
kage with dimensions o = 850, B = 100, C = 400, D = 150,
= 210, F = 380, G = 750 and conductors that are indicated as hashed
lines. All dimensions are in micrometers. (b) SEM photo of the inverted lower
package developed during the two-step etch procedure.

Coplanar Waveguide Probe Pads

l l this occurs when the substrate is electrically thin. Since it is
l ET’ difficult to satisfy both criteria in high-index semiconductor
| materials, Si micromachining is used to reduce the substrate
[?’ ‘—% ] [ thickness underneath the distribution lines and circuitry, while
the antenna can be printed on the full thickness substrate.
E a ‘ I ) l l The fabrication approaches described herein will address the
packaging issues and the thickness reduction issues related

to the microstrip line. Crosstalk is discussed next on close-
proximity circuit interactions followed by noise measurements
@) () of the micromachined packaging. Lastly, an assessment of

Fig. 2. Layout configurations. (a) Design Layadt thru line and U-shaped crgsstalk coupling in the various micromachined layout con-
(back-to-back right angle bend) line. (b) Design Laydgit two U-shaped figurations is presented

lines.

CPW-to-Microstrip Transition

. . . ) ) [ll. FABRICATION
packaged (see Fig. 1) microstrip geometry with (50ines.

The dimensions for the open and packaged lines are detgr-oyerview
mined from commercially available or in-house computer- . L . .
aided design (CAD) tools [4]Each topology is then evaluated 1€ microstrip lines discussed are packaged using the

experimentally as a combination of adjacent microstrip lind@icromachining approach developed in [5] for coplanar wave-

consisting of a straight thru line and/or a single-section meagidide structures. To provide package grounding and equal-

der. The single-section meander is a back-to-back right-anfi@tion between the upper and lower cavity in microstrip-
bend, and will be referred to as a U-shaped line in t sed geometries, ground planes are positioned ;uﬁ;mently
remainder of this paper. The two arrangements (shown ' (380xm) from the conductor in order to maintain a
Fig. 2) result inDesign Layout A-a thru line and a U_Shapedmmrostnp mode of propagation (see Fig. 3 for dimensions).
line, andDesign Layout B-two U-shaped lines. The general process is similar to the one described in [5],
Té) address the use of these structures in antenna arré(y)gere wet anisotropic etchants are used to develop the desired
consideration is also given to design criteria for highgeometry. The protective dielectric layer in this case is a

performance planar antennas and miniaturization of drigdicon dioxide layer (7800%) on the upper cavity wafer and

electronic circuitry. In high-index materials, optimum perfor2 membran dielectric layer (1.5:m) on the lower circuit
fer. The wafer resistivity is 42 - cm in the upper wafer

mance is achieved when substrate modes are minimized"6t , ; ; ;
suppressed. In microstrip patch antennas, this occurs wiflfl greater than 2000 -cm in the lower wafer. Microstrip

the substrate is electrically thick, whereas in planar circuit@€t@llization thickness is 3im of electroplated gold and

2A membrane is defined as silicon dioxide/silicon nitride/silicon dioxide
1Hewlett-Packard, EESOF Libra 4 Software, Santa Rosa, CA. layer (7500/3500/4508\) atop a silicon surface.
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the package metallization is 1.bm of evaporated metal
(Ti/AI/TiI/Au @ 500/12 K/500/3 K,&). Once the package is
assembled, it is attached to a support wafer (with similar
metallization) using silver epoxy (in order to place it on
the vacuum holes of the probe station wafer chuck). As an
alternative, electrobonding techniques can also be used t
secure the two wafers.

B. Substrate Thickness Reduction and Conformal
Packaging Approach

Two fabrication methods are developed for: selective re-
duction of the wafer thickness and realization of convex
corners around bends in the upper and lower cavity conformal
packages. The wafer thickness reduction requires a two-step
etch process to accommodate the deep etch requirement of
the vias and package channels as well as the shallow etch
requirement for the reduced thickness regions. First, the vias
and channels are etched several hours to remove approximaggjy4. Micromachined packaged U-shaped bend circuits. (a) Upper cavity
400um of material while the reduced thickness regions remaiackage with probe windows (shown in black) for testing. (b) Circuit layout
protected. Then, the protected regions are opened and ecHghme™si Ine, Cordsctors sppear as the dark colo () ower cay
an additional 2 h to remove 17@0m of material while the via and lower package channels in the outer white regions.
and lower package channels are etched entirely through. In
Fig. 3, a scanning electron microscope (SEM) picture is shown
of an inverted lower cavity package with a cross-sectional view
of a via and a lower package cavity. Extensive details of the
process are described in [6].

Conformal packages can be used to optimize space utiliza-
tion in the development of high-density circuits. However,
several challenges must be addressed when implementing .
a conformal package around lines that exhibit curves and ; _' |
bends. In Fig. 4, a top and bottom view of the circuit and Convex Comer
Ca,‘VIty geometries for the U-shaped lines are illustrated. E_?g 5. Photograph illustrating convex and concave corners in the upper
this arrangement, the corners of the package are potenga,lity of the package.
candidates for severe rounding during the wet etch process
as a result of undercutting. Since wet anisotropic etchants
selectively attack the various crystal planes at different rates,
it is difficult to achieve a good etch stop in the absence of
orthogonal planes without the use of adequate compensation.

Researchers Bean and Abu-Zeid discuss the use of
anisotropic etching and corner etching issues in [7] and [8],
respectively. As seen in Fig. 5, a corner can be classified
as concave or convex! Wu found that convex surfaces
are bounded by the fastest etching planes while concave
corners are bounded by the slowest etching planes [9]. Adig. 6. CAD drawing of the mask layout, including the corner compensation

. . .required for the formation of the conformal package. The large squares are
result, concave corners are easily formed without undercuttidgated in the outer channels to form the package and the small squares are
and convex corners typically exhibit undercutting that cancated in the inner channels of the reduced thickness regions.
only be reduced with the incorporation of appropriately sized

compensation geometries located at the respective cornersa }t\g(()_step etch is used to form the package, via, and reduced
|

The compensation geometnes used here_m are squares it ness regions, the U-shaped geometries require two sets
are implemented by centering each appropriately sized SAUB % onvex comer compensation squares to produce desirable

onto a convex corner (see Fig. 6). Through an iterative proce Stner shape (see Fig. 7). Each is designed to accommodate

the best compensation square dimensions were found tot € final depth requirements for the deep (30) and shallow

approximately 1.4 times the desired etched depth to produ@t%oum) regions in the conformal packag@his requirement

the corners seen in the upper cavity package of Fig. 5. Since

Corner Compensation Marks

3Convex (inside) corners are formed when two (110) crystal planes intersect
to produce an interface that points inward. SMaximum etch time in the two-step procedure should not exceed the
4Concave (outside) corners are formed when two (110) crystal planéme required to etch the deepest region. In this paper, 12 h is the maximum
intersect to produce an interface that points outward. allowable etch time.
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Fig. 9. Grey blocks represent the probe window layouts in Design Lafout
for the two U-shaped bends. Probing points in the contact noise measurement
are indicated by stars at Port 1 for an input signal onto the conducting line
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Fig. 7. Process steps for the development of the lower package. Step 1: F 7
Define regions to be etched. Step 2: Close up of the regions to be etched r Avg. Contact Noise .
with the compensations corners. Step 3: Lower package etched with the R Non-Contact Noise ]
outer channels partially etched. See the compensation corners pointing to the -40 B ¥
channel. Step 4: Final etch of the lower package. Outer package channels are —_ | . 3‘1:
light and reduced thickness regions appear dark. % L " 'L
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Fig. 10. Noise data from contact and noncontact measurement.

(@) (b)

Fig. 8. (a) Poor and (b) good compensation from the etch process.

fabricated in this study, some data will reflect an average
value and will be indicated by “avg.” in the plots.

is necessary in order to reduce the severity of undercuttingTwo types of noise are defined in this paper: noncontact
observed in Fig. 8 underneath the conducting line. and contact. The noncontact noise is defined as the response
when the probes are elevated above the circuit surface by
15 mm with a separation distance of 8.382 mm. This amount

IV. PERFORMANCE is identical to the separation found in the two U-shaped circuits
in Design LayoutB. The contact noise, which reflects an
A. Testing Method and Noise Definition average measurement value of different data, is defined as the

To accurately characterize the packaged design, on-wag&citation of a circuit at one port and the detection of trans-

measurement techniques are used that require coplaﬁHF—ted sign_als_in the package structure at d?fferent locations
waveguide-based GGB PicoProbes (160- pitch), an atop the circuit package (see Fig. 9). In this measurement,

Alessi High-Frequency Probe Station, and an HP g51d@ndom propagating signals are detected on t_he upperside_of
Network Analyzer. The test probes are deembedded frdff Package by placing the probe near the opening of the cavity
the measurement data using a short-open-load-thru (SOIPFﬁrtS in order to determine the maximum noise contribution
calibration even though line—reflect-match (LRM) or thrufom the packaged configuration. Fig. 10, shows a comparison
reflection line (TRL) calibration methods could have beef€tween the contact and noncontact noise measurements and
chosen. To excite the microstrip line, a coplanar-to-microstrigdicates a strong similarity between the measurements even
transition is implemented, and is shown in Fig. 2. Th ough the contact noise tends to be slightly higher between

performance of the open and packaged circuits is determirfag @nd 30 GHz by 10 dB.

by measuring scattering parameters, which are used to . o )

describe the electrical characteristics of each line. Couplify E'€ctrical Characterization and Isolation

mechanisms associated with different circuit layouts areSection | presents a discussion on the electrical response
evaluated and then compared to the minimum reference noigehe circuits in Design Layoutsl and B which correspond
value of the packaged system. Since several circuits weoeopen and packaged microstrip configurations, respectively.
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Fig. 11. Electrical response of open microstrip circuits for a delay line ar]qg_ 13. Electrical response of a packaged U-shaped bend and microstrip
U-shaped bend. delay-line circuit of similar length.
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Fig. 12. Electrical response of an open and packaged U-shaped microstiiip 14, Comparison of cross-coupling effects in open microstrip structures
circuit. for Design Layoutd between the thru and U-shaped bend and Design Layout
B between the two U-shaped bends.

Measured data for the insertion loss are shown, total loss
calculations are determined for each circuit type, and companuch flatter response in the total and insertion loss data. Even
isons are made to identify the amount of radiation generatdtbugh these values are slightly higher than those observed in
in each layout type. Section Il focuses on the measurdte straight delay line, the overall performance is much better
crosstalk in the two layouts, where emphasis is placed on tt@mpared to the open U-shaped circuit. The higher loss in this
interactions observed in the open and packaged configuraticase is associated with the additional ohmic loss introduced
with comparisons made between the circuit layouts and noisg the top metallization of the package. On the other hand,
of the system. radiation from the bend has been eliminated in the packaged
1) Circuit Characterization: The performance of the U-shaped design, and shows similar total loss calculations to
straight delay line (13.392 mm) and the U-shaped bemrdstraight line of similar length (see Fig. 13).
(13.392 mm) in an open environment are compared in Fig. 11.2) Cross Coupling and Circuit Isolationin Fig. 14, the
In the lower frequency range, the insertion loss is similar fapen microstrip structure has coupling as high-a20 dB
both lines. As the frequency of operation increases abowe the midrange for Design Layou#t and even higher
15 GHz, the U-shaped lines radiate at the corners generataugipling near—10 dB at frequencies above 25 GHz in
substrate modes. The increasing insertion loss causes the si@®dign Layout B. These results indicate coupling levels
to begin to exhibit an oscillating effect above 30 GHz. Frorhave a strong dependence on layout configuration. Similar
the calculated total los§l — |S11|>—|S12/?), the U-shaped coupling measurements have been performed on the packaged
line can be as high as 65%, which is more than double tkiersion of Design LayoufB. In Fig. 15, the inclusion of a
loss associated with the straight delay line. lower package cavity into the design substantially decreases
A similar comparison is made between the open and padke cross coupling by approximately 20 dB. With a complete
aged bend design. As frequency increases, the open-bpadkage that includes upper and lower cavities, an additional
performance degrades rapidly due to parasitic radiation, H3-dB reduction is observed. These results demonstrate that
seen in Fig. 12, for the insertion loss and total loss of the opadvanced monolithic packaging can reduce coupling below
and packaged bend. By comparison, the packaged bend has4d dB, which is in close agreement to the noncontact
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the increased coupling in the contact noise measurement is B
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_ Fig. 18. Packaged antenna with a straight thru line configuration on a
C. Single Antenna Element reduced thickness region.

In Fig. 17, a patch antenna is demonstrated in a packaged

feedline configuration. In a top-view illustration of the antennig less sensitive to the resonant frequency of the antenna due to
element, Fig. 17(b), a portion of the microstrip feedline ifmproved TEM propagation characteristigs (Z,) of the line

printed on a reduced thickness substrate region. Two groumdl the reduced thickness region. This demonstration, there-
pads are also printed on the circuit surface for bondirfgre, indicates the potential for extending advanced packaging

and package ground-plane equalization. The package includeacepts to planar antenna-array applications.
a window for the antenna element that has dimensions of

8.731 x 6.935 mm, which has a spacing of five times the

substrate heights@) between the window and antenna edge. V. SUMMARY

This value ensures minimum interactions between the antenndhis paper demonstrates the substantial benefits of using

radiation pattern and the package. advanced monolithic packaging concepts in planar circuit
The performance of the open and packaged design is shoand antenna design. Specifically, we have demonstrated that

in Fig. 18. The packaged antenna shows noticeable incre&é coupling and parasitic radiation in high-speed circuit

in bandwidth, approximately 110% for SWR1.8, compared interconnects and antenna-feed networks can be eliminated by

to the open design. This suggests that the packaged anteselactively packaging sections of planar circuits. The package

efficiency is increased and that the propagation in the feedlidevelopment is based on Si micromachining and can be
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implemented with standard integrated circuit (IC) processir~
techniques required to develop complex circuits. Advanci
packages also offer significant performance improvemer
to circuits that exhibit high radiation. Furthermore, thes
packages reduce circuit interactions between high-density
terconnects and offer coupling levels that are comparat
to the overall noise found in the packaged system. As
result, these findings show that monolithic packages are v
feasible for developing high isolation in distribution lines and
feeding networks commonly used in high-speed interconnect
and antenna-array applications.
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