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Abstract—This paper describes the implementation and pack- three-dimensional (3-D) integration and on-wafer conformal
aging of the components, desribed in Part | of this paper, to realize packaging. Appropriate integration techniques incorporated in
a three-dimensionalW-band distribution network. the design of the circuit not only offer size reductions and added

Index Terms—Coplanar transmission lines, micromachining, flexibility in system design, but also provide greater ability to
microwave circuits. obtain uniform amplitude and phase at each element [4], [5].

To allow for higher integration and better performance at
|. INTRODUCTION higher operating frequencies, silicon (Si) micromachining has
recently been identified as an enabling technology that can

N ORDER TO develop high power at mllllmeter-wav%ﬁ,ovide novel and cost-effective solutions. The mechanical,

fre_quenmes using monolithic techn_ology, a number ermal, and electrical properties of high-resistivity Si compare
techniques have been proposed to combine the powergeneng with the best ceramics, thus making it an appropriate

by multiple solid-state devices. These techniques perfor, bstrate for this type of application. Si micromachining

quasi-optical, spatial, and circuit power combining, and re as been used to improve the performance of conventional

on Circuit architec_tu_res ‘h"?‘t.ca” handle complexity and prQViﬂ%nsmission lines [6]-[9], and drastically reduce its size due to
high power-combining efficiency. The use of multiple device e capability to shield the circuits on-wafer. On-wafer pack-

ﬁ!oﬂg. V\ft?_ |mk;))0tsed condsftramtts Lor retljuced I(t:ou_pllpgda ing has been successfully demonstrated in simple circuits
'gh 1solation between adjacent channeis resulls in trade to W-band [10], but herein is extended to fairly complex

between size, loss, performance, and efficiency. M0n0|lthé chitectures. With recent advances in vertical wafer transition

C'f‘?“'ts that_ transmit moderate power at hlgher frequenmg signs [11], the possibility to create multilayer high-density
utilize a variety of architectures where power is generated apd i romachined circuits is now becoming a reality

combined on-wafer via resistive or reactive circuit combiners __ |
This paper presents the development of a conformally pack-

[1] or in space by radiating the power via appropriatel o . L
designed antennas [2]. An important characteristic of circ ed d|_str|bu'qon network 10 be l.Jse.d in8-band m_onohthlc
rree—dlmensmnal (3-D) transmit tile module (Fig. 1). The

and spatial combining techniques is the dependence of th ) . . \ .
P g g P Hansmlt module of Fig. 1 combines four electrical functions

ower-combining efficiency on the loss of the integrate . 2 X .
b g y g nd distributes the circuits required for them on four different

distribution network. Excessive loss found in the combinin ¢ Specifically. the f lectrical funcii d
stages and performance sensitivity to matching networks grers. speciiically, the Tour €lectrical functions and corre-
onding wafers on which their circuits are printed on are: 1)

two of the most important factors that have led to designs usi tribution of the input power into four monolithic microwave
other quasi-optical techniques [3]. To make spatial combinir) - S
q P d 3] P egrated circuits (MMICs) (wafer #1); 2) distribution of the

ful -combini thod, a circuit architectuf&9'e . ) .
a stccessilll powet-combining Metnod, a circuit architec plified power into 16 ports (wafer #2); 3) coupling of this

is needed, where circuit miniaturization is accomplished wifH" D\
P power through slots to 16 radiating elements (wafer #3); and 4)

effective radiation of the power into free space (wafer #4). The
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Fig. 1. Conceptual drawing of MMIC power cube with expanded view of distribution network layout.

TABLE | the shielding cavities are utilized to reduce parasitic mecha-
FUNCTION OF 3-D MODULE LAYERS OFFIG. 1 nisms generated by the stacking of the wafers and the close
proximity of extended metallic planes.
Layer __Si — I,‘:e‘f"l = The power distribution network is comprised of multiple
L Heat sinl/MMIC access nput distribution networ bends, impedance steps, tee junctions, and Wilkinson dividers
2 Si micromachined layer _ . . .
On wafer packaging Qutput distribution network (as shown in Fig. 1). Indl|v.|dual Componen't performance is
3 Si micromachined layer critical to feed network efficiency and, for this reason, geom-
On wafer packaging H-slot antenna feed etry optimization for lowest insertion and return loss has been
4 Si micromachined layer ;
For surface wave reduction Patch antenna eﬁeCtlvely purSUEd'

The following sections present the basic design methodology,
which utilizes high-resistivity Si micromachining and FGC in-

_ ) ) ~terconnect technology to achieve optimal performance via 3-D
Fig. 1 shows a detailed schematic for the output distributiqfycyit integration. In addition, theoretical and experimental re-

network printed on wafer #2. The total area available for digyts are presented confirming expected circuit performance.
tributing power to the antennas is 6 mxr6 mm, thus imposing

very strict requirements on high circuit density. The need to tran-
sition vertically, while at the same time provide high density,
has lead to choosing the finite ground coplanar (FGC) wave-
guide as the primary interconnect geometry. Using FGC lines| the vertical integration of high-frequency circuits, the
requires air bridges for the equalization of the ground plane pground conductors must follow the signal line as closely as
tential and suppression of the slot line mode excited at line dissssible in order to reduce parasitic radiation and prohibit the
continuities. To preserve the integrity of the air bridges, whefcitation of higher order modes. This need is exacerbated
stacking and bonding the wafers, micromachined packages @fitan the interconnects operating at high frequencies transition
monolithically developed along with the circuits. vertically into adjacent planes. FGC waveguide [see Fig. 2(a)]
The work presented in this paper focuses on the developmera uniplanar line with the ground planes and signal conductors
of the distribution network, the choice of the interconnect tecloecupying the same wafer interface. The uniplanar structure
nology, and the design of an appropriate package that reduoégshe line is responsible for the high field concentration at
unwanted parasitics. The 3-D distribution network is made tiie wafer interface. As a result, line performance depends
circuit components presented in [14] of this series, which aneostly on line geometry and is not sensitive to wafer thickness
optimized to suppress parasitic effects generated by the preariations [8], [9]. The FGC line has the potential to minimize
ence of multiple dielectric layers and the proximity of extendeghrasitic effects when transitioned vertically and, for this
conducting planes. Using the presented circuit architecture, higtason, was chosen for the distribution network described
density can be achieved by integrating wafers vertically and hgrein. The dimensions of this line were specified by the design
utilizing both sides of the wafer for printing circuit componentsules established by [8] and [9]. These design rules specify
To achieve on-wafer packaging while integrating multiple cim total linewidth (W) to provide single mode operation
cuit functions, the same wafers carry the circuit componerdsd eliminate parasitic radiation. To achieve high integration
in addition to the monolithic fabricated cavities that providevhile keeping adjacent ground-plane separation to a minimum
shielding and good circuit isolation. In addition to packaginglistance of 8Qum (as specified by module size requirements),

Il. INTERCONNECTGEOMETRY
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(@) (b)

© (d)

Fig.2. 3-D environment geometries for the transmission lines. (a) Conventional FGC. (b) Packaged FGC. (c) Conductor-backed FGC. (d) Capétykaaedd
FGC.

Wr is limited to 300.:m, while the aspect ratio necessary tand providing very small size and low-cost solutions. In the ver-

realize 5052 is equal to 0.45, as shown by tically integrated circuits studied in this paper, on-wafer pack-
s aging does not only isolate adjacent circuits, but provides me-
T 0.45 (1) chanical protection to the air bridges.

The distribution network for the tile module is utilized
where s is the center conductor width and is the aperture in a 3-D environment with an extended metal plane placed
width. The dimensions chosen for the conventional line agbove, to provide the ground for the micromachined an-
s = 40 pm, w = 24 pm, ground-plane widthw, = 106 pm, tennas. The presence of this ground just 10® above
and wafer thickness = 100 pm. Extracting capacitancethe printed circuits introduces electromagnetics effects,
values using Ansoft's Maxwell 2D simulator, the characteristitie impact of which on line performance is discussed
impedance is calculated to be 49 Q8vith an effective dielec- herein. When a conventional FGC line is backed by a
tric constant equal to 6.136ln order not to excite higher ordermetal plane [(“conductor-backed FGC” in Fig. 2(c)], the
modes W has to be less thak, /2, where), corresponds to characteristic impedance decreases to 4&X3om 50
the guided wavelength of the maximum operating frequeneyd ¢.; increases to 6.428 from 6.156. This suggests that
according to even though the field lines are concentrated in the aperture
regions, the presence of the conductor plane attracts the
Wr =2W, 42w+ s < Ay /2. @) fields slightly more into the substrate [12], a predictor of
increased parasitic capacitance. To reduce this parasitic
capacitance between the line and backing metal plane, an

gvalue much greater t'han i, = 300 um, implying that the air cavity is micromachined [“cavity-backed packaged FGC”
line operates free of higher order modes. in Fig. 2(d)]

The design rules listed above apply to FGC lines printed on . > ! . N .
. L ) N . " Similar air cavities are used in this paper to protect air bridges
a single layer semiinfinite high-resistivity Si substrate [“con:

ventional FGC” in Fig. 1(a)], and specify line geometries thﬁnd reduce parasitic effects due to coupling to adjacent metal

. . hpIanes through the substrate. To understand the effects of these
demonstrate excellent performance at frequencies as high”as

. ) . > cavities on line characteristics, a static solver has been utilized

W- and D-bands. In multilayered configurations, the vertic ; i
. - : o perform a parametric study of one of the most critical param-
stacking of substrates and the close proximity of the various cir-

cuit components necessitates a thorough understanding of%eers' l.e., cavity height. The results have indicated that cavity

propagating wave excited by the structure. Although the elﬁrg—a'ghts greater than 4@m are noninvasive and do not affect the
r

2 . . . . Jine impedance. For this reason and for the ease in fabrication,
tromagnetic fields in coplanar waveguide (CPW) lines are fai . . : .
. . AN 40+:m cavity height has been chosen for the lines of Fig. 2(b)
well confined to the aperture regions, it is important to fur-

and (d).

ther reduce interactions between adjacent circuits (laterally an . T _
vertically), in order to achieve the highest possible integratioHl. As stated previously, the FGC line is printed on 42@-thick

Electromagnetic parasitic interactions, known as crosstalk, argh'reS'St'VIty Si(e, = 11.7) W'.th app_rommately _lme_ evap-
o orated gold (Au). The conventional line shown in Fig. 2(a) is
due to substrate modes and/or proximity effects and result In

. . L : sed as a reference. Its performance has been measured up to
degraded electrical performance. This parasitic coupling can

- . - -band and results in a characteristic impedafige= 52 2,
reduced or eliminated by appropriate shielding. Recent wor . ) . ;
) " and effective dielectric constasnty = 6.3. All experimental re-
has demonstrated that on-wafer packaging has the ability to ef- . .
sults have been obtained from on-wafer measurements using an

fectively isolate circuits while preserving performance integritMP 8510C vector network analyzer on an Alessi probe station

IMaxwell 2D, Ansoft Corporation, Pittsburgh, PA, 1994. with 100:m-pitch GGB Picoprobes calibrated with the Na-

Atthe design frequency, = 94 GHz, A, /2 is equal to 632:m,
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Fig. 3. Attenuation for line architectures of Figs. 2(c) and (d).

tional Institute of Standards (NIST) Multical progranMea-
sured propagation characteristics for the architectures shown
in Fig. 2 indicate performance differences in conductor- and
cavity-backed FGC lines. Specifically, theg for conductor-

and cavity-backed packaged FGC linesis 6.4 and 6.3 at 94 GHz,
respectively.

In Fig. 3, measured attenuation is presented for the two mul-
tilayer architectures and indicates a severe ripple in the con-
ductor-backed FGC line caused by parasitic coupling to the
ground plane. By placing the micromachined air cavity between
the FGC line and the conductor plane, the effect is minimized as
indicated by the loss data for the cavity-backed packaged line,
indicating no oscillations. 85 %0 95 100 105

In addition to studying a single transmission line in a mul- Frequency (GHz)
tilayer environment, coupling effects between adjacent FGC
lines have been examined. The coupling between two Verﬁi@. 5. FGC-to-FGC coupling through 1Q0m Si wafer = center-to-center
cally integrated multilayer transmission lines has been comateral spacing).
puted using an integral-equation-based numerical s&hror
this simulation, two through lines with the same aspect ratios

Magnitude (dB)

60 pm Si

as all previous lines (4@m center conductors, 24m aper- 60 pm Si ‘l‘ggtmmASig
tures, and 106sm ground planes) are used. In each case, the ‘ligoumm% .

: : i um Si
lateral spacing(s) between lines varies from 0 to 4Q@m PR S
center to center and the vertical spacing is fixed at 460 0
Cross coupling is estimated by measuring the insertion loss 0l Sin ]
across ports 1 and 2 while leaving ports 3 and 4 open, as __ s=0pm Sy
shown in Fig. 4. Due to the open conditions at ports 3 and 4, & -20f s = 100 pm ;
the measured coupling is 6 dB higher than the coupling ob- E 30F ]
served between two ideally matched lines. Simulated results 2 a0t s =200 um ]
show a ripple in cross couplingS»;) between lines sepa- 1)
rated by a uniform dielectric substrate (Fig. 5) due to para- § -50F ]
sitic substrate capacitance. The level of coupling for the lines -60F =300 um_
laterally separated by 0 and 1@@n is as high as-10 dB be- =7 s = 400 pm
tween 90-95 GHz. By reorienting the air cavities to interrupt A . . . ]
the uniformity of the substrate layer between the two lines, 85 90 95 100 105
the ripple is eliminated completely and the coupling reduces Frequency (GHz)
by 8 dB to —18 dB over the entire frequency band (75-110
GHz), as seen in Fig. 6. Fig. 6. FGC-to-FGC coupling through 0m Si 40um air cavity (=

center-to-center lateral spacing).

[ll. V ERTICALLY INTEGRATED DISTRIBUTION NETWORK
2R. B. Marks and D. F. Williams, Program MultiCal, Rev. 1.00, NIST, . . . . .
Boulder, CO, Aug. 1995. As discussed previously, when the circuits are placed in a

3IE3D, Release 4, Zeland Software Inc., Fremont, CA, 1997. multilayer environment, there is a need to develop an air cavity
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Fig. 7. Multilayer architectures for the 3-D distribution network. (a)
Conductor-backed FGC. (b) Cavity-backed packaged FGC.
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Fig. 8. Schematic of a back-to-back Wilkinson power divider. = of i

$577% 85 90 95 100 105 110
appropriate for protection of the air bridges, in addition to pro- requency (GHz)

vide electromagnetlc Shleldlng The air CaVIty is deSIQned 10. Total loss of back-to-back divider for conductor- and cavity-backed
package the line, as shown in Fig. 2(d), and is fabricated Bégtkaged environments.
a 100u:m-thick Si substrate with 8500-A SiOmasking layer.

Probe access windows are etched into the substrate to allow for TABLE I

on-wafer measurements. The air cavity and access windows areMEASURED LOSS OFINDIVIDUAL COMPONENTS FROM85 TO 95 GHz

defined using photolithography and anisotropically etched. The (PEAK PERFORMANCE)

two wafers are aligned using a bonding station with-5.m

accuracy. Component Cavity-ba((:l;;;; Packaged Conduc(:,io];;backed
In the following sections, the effects of the backing planes ol

the performance of the distribution network and the improve Tee -0.20 -0.4 10 -0.6

ments obtained by use of the micromachined cavities will b
discussed. To begin, the individual circuit components that con
prise the distribution network will be presented and, finally, the Right angle bend -0.10 -0.210-0.4

di the performance of the whole network wil T srission line
section discussing p loss (1 mm) 026 028
be presented.

Wilkinson -0.40 -0.6t0-1

A. Individual Components—Etffects of Packaging loss. Fig. 8 shows the schematic of a back-to-back Wilkinson

Among the various individual components, a back-to-bacakvider, while Fig. 9 gives the measured response. At 98 GHz,
Wilkinson divider configuration is used to show the effecta parasitic resonance occurs in the conductor-backed circuit
of adjacent metal planes on circuit performance and discubst increases the insertion loss+&.6 dB and return loss to
performance improvements achieved by the use of microma?7 dB indicating 2.6-dB total los§l — S?, — S3,) (Fig. 10).
chined cavities. This Wilkinson divider is a key componerithe cavity-backed packaged circuit, however, does not exhibit
of the whole distribution network. It is the component mostlthis resonance, but shows an insertion loss of less-tiab dB
responsible for the loss of the network, as it will becomep to 97 GHz. This translates to an individual Wilkins$n of
obvious from the discussions presented in following sections0.40 dB after deembedding the feeding-line loss.
Comparisons are made between the performance of the conSimilar performance comparisons between the individual
ductor-backed [see Fig. 7(a)] and cavity-backed packagedomponents in conductor- and cavity-backed packaged ar-
circuits [see Fig. 7(b)] in terms of insertion loss and returrangements are listed in Table Il. These values represent the
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Distribution Network Conformal Package

Fig. 11. Photograph of distribution network and conformal package.
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Fig. 12. Measured'-parameters of distribution network for conductor- and .5 8.5l 1
cavity-backed packaged environments from 75 to 110 GHz. E' ) Output 1
g -9F -— Output 2 1
= — —Output 3
best performance insertion loss within the frequency range Q58 e Output 4 ]
of 85-95 GHz. Results indicate that the performance of the 1 s : . s
%O 91 92 93 94 95

cavity-backed packaged circuits is substantially better not
only when compared to the conductor-backed, but also to the
conventional ones. It is worth noting that conventional circuits ()
demonstrate a variation by as muchda8.2 dB over the band

Frequency (GHz)

due to parasitic effects caused by the proximity of the conductor 2150} [ Output 1|1
planes, whereas performance variation in packaged circuits is & | - 83:53:%

on the order of£0.05 dB due to the reduced sensitivity of the K100 \_____‘__ ----- Output 4|7
circuit with regards to the conductor proximity. 2 sob e ]

=]
)

B. Distribution Network—Effects of On-Wafer Packaging

Individual component performance is critical to feed network
efficiency and warrants extensive measurements for different
line architectures. Combining the individual components in the

K

=

(=)
T

Phase of Insertion Loss
i
o

distribution network has led to a self-packaged architecture for ~ £-150f | 1
the distribution network, as shown in Fig. 11. Measurements 90 91 2 93 9'4 95
of the distribution network’s performance in the four-divider Frequency (GHz)

network environment are shown in Fig. 12. The presented re- ()

sults indicate that individual component parasitics, in the case , o -
Fig. 14. Insertion loss for four X 4 distribution networks shown in insert.

of conductor-backed circuit, combine to produce an msem@frﬁe loss for all four outputs varies kiy0.5 dB and the phase varies #32°. (a)

loss as high as 11 dB (layout 2, Fig. 13). On the contrary, thvagnitude. (b) Phase.
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Fig. 17. Adjacent cross coupling for locatiof (80-+m ground-to-ground
separation).

Noise Floor
-»— Location C

---=---Location B

--~— Location A

—_
=

'
[=]

dB. With the use of conformal packaging in this dense circuit
layout, the cross coupling is reduced-b¥5 dB to the noise level

of the measurement equipmentin the frequency range from 93 to
110GHz.

To compare the coupling of conventional FGC circuits to a
shielded arrangement, coupling between the input and location
A has been measured for a conventional and cavity-backed dis-
tribution network. The measured crosstalk presented in Fig. 17

35 %0 o5 verifies that FGC lines have coupling effects that may be as low
Frequency (GHz) as—25 dB for conventional lines separated by as little as 80
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Fig. 16. Cross-coupling measurements of distribution networks with

cavity-backed packaged architecture. IV. SUMMARY AND CONCLUSIONS

_ o o _ As indicated by the study presented in this paper, the pres-
cavity-backed packaged distribution network exhibits a consispce of metal planes in a 3-D integrated circuit may cause the

tently excellent performance over the whole frequency ranggcitation of parasitic modes that result in unwanted resonances
of interest. Representative results indicate an insertion 10Ssg{j increased losses. The presented results strongly demonstrate
1-1.4 dB above the nominal 6 dB (see Fig. 12). the capability to eliminate these parasitic effects by use of non-

_ Inorder to evenly distribute power to the 16 patch antennafetallized air cavities etched into the Si substrate. The use of
it is important that each of the four:i 4 networks have min- nonmetallized cavities not only reduces parasitic loss and im-
imum amplitude and phase imbalance. To characterize this Vajipves performance, but also improves isolation to levels very
ation, four 1x 4 distribution networks have been fabricated with|gse to the noise of the measurement system. The presented
three of the four output ports matched. That is, while the insgfjicromachined technology realizes Wilkinson power dividers
tion loss of output 1 is being measured, outputs 2—4 are match@gh insertion loss near 0.40 dB, and bends and tees with loss
with 5042 terminations (see Fig. 14). Each output port has beggiyes of 0.1 and 0.2 dB, respectively. Finally, the 14 dis-
measured in this manner and results indicate that thedldi-  {ripytion network has demonstrated an insertion loss of about
viders have 0.5-dB amplitude [see Fig. 14(a)] and’ Pl2ase 1_1.4 dB near the design frequency, indicating an efficiency
imbalance [see Fig. 14(b)] from 90 to 95 GHz for conventiongl 7206-80%. These results demonstrate the capability of this

FGC. technology to provide superior integration in addition to excel-

To understand crosstalk effects in dense circuit topologiggnt performance when compared to other conventional planar
cross coupling betweenfoursd4 distribution networks of Fig. 11 nower-combining technologies.
ismeasured usingthe arrangementshownin Fig. 15. Inthis circuit
layout, all ports have been left open with the exception of the two
ports connected to the probes of the on-wafer station. This way . . )
due tothe excited standing waves, onthe interconnecting sectio 41 3. A Readick, R, K. Peterson, M. Lang, W. R. Kitzler, P. Piacente, and
ueto e AR g ’ S g W. P. Kornrumpf, “High density microwave packaging program phase
ofthe distribution networks, the measured couplingis higherthan 1 —Texas Instruments/Martin Marietta team,"IEEE MTT-S Int. Mi-
expected by 6 dBS,; is measured between the input pOr(see crowave Symp. Dig1995, pp. 173-176. -
hoto tin Ei 16) andthe output ports atlocati4nB, and [2] L. P. B._ Katehi Qr]d R. T. Kihm, Mlcromachl_ned S|_I|con conformal
pho _O nser g. ) putp el packaging for millimeter wave system applications, Proc. 7th IEEE
C.Fig. 16 shows measurements of conductor-backedcircuits[see Topical Meeting Elect. Performance Electron. Packaest Point, NY,
Fig. 15(a)] and cavity-backed packaged circuits [see Fig. 15(b)]. 1998, p. 247. .
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