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Im (g) -20 \\ Abstract—A new type of interconnect has been developed that signifi-
-25 \ cantly extends the bandwidth of fixed-length bond-wire interconnects be-
30 "oy tween microwave circuits. This interconnect maximizes bond-wire length,
a5 b \ as well as landing pad size while simultaneously extending the cutoff fre-
) quency of the interconnect. The bond-wire interconnect is treated as a five-
-40 ™ stage low-pass filter where basic filter theory is used to develop an intercon-
-45 ™y nect prototype. Microstrip interconnects are designed using electromag-
-50 . netic simulators, which match a specific low-pass filter response on a 5-mil-

0 5 10 15 20 25 30 35 thick (127 pm) glass substrates. The measurements indicate a return loss

greater than 12 dB and an insertion loss from 0.0 to 0.3 dB from dc to
) . . ) 80 GHz using two 17-mil-long (432.em) 1-mil-diameter (25 pem) ball bonds
Fig. 4. Location of the eigenvalues/ko of the TM modes for a with a tolerance of & 2 mil (50 zm). For comparison, an uncompensated
microstrip—PML configuration. interconnect with two 17-mil-long (432 m) bond wires has 1-dB insertion
loss and 10-dB return loss at 40 GHz and continues to degrade at higher
frequencies.
V. CONCLUSIONS

|. INTRODUCTION
Analytic expressions in the quasi-static limit are derived fortwo sets . , . . o . .
. ) i . - Historically, chip-to-chip interconnects using bond wires have been
of zeros, which exist in a microstrip substrate terminated by a PML, . . : ) S
. o ) nalyzed as having a single electrical component: a series inductor. In
For a strongly absorbing PML, it is shown that the first set corresponds . . o
. . order to improve the high-frequency performance of a bond-wire in-
to the leaky modes of the microstrip substrate, whereas the second set, .
. . . . terconnect, efforts have usually focused on reducing the length of the
termed Berenger modes, is not influenced by the microstrip substr%e.
As demonstrated by examples, the analytical formulas allow a qul&

End wire and also reducing the chip-to-chip spacing. However, lim-
calculation of the modal constants whenevefesjic < 3. Moreover, ations in manufacturing require longer bond-wire lengths and wider
the quasi-static expressions can be used as initial guesses in a numer-

chiP-to-chip spacing to improve the yields of millimeter-wave multi-
. - . : chip assemblies (MCAs). Therefore, the goal for millimeter-wave in-
ical root-finding routine that can provide more accurate values for the N~ . - .

: . . tﬁ]rconnect design is to maximize bond-wire length to improve manu-
zeros of the dispersion relation. Thereby, our results can speed up et' - L . .
) ) . . . facturability and maximize bond pad size so that mechanical tolerances
calculation of the Green’s function of the microstrip substrate termi- . . . ; )
. . are eased. This paper demonstrates that this is possible with a filter

nated by a PML, as discussed in [5]. ) -

theory approach to interconnect design.

A single bond-wire interconnect can be treated as a single-stage
low-pass filter with a fixed cutoff frequency. As more stages of the filter
are added, the bandwidth of the filter increases until adding additional
stages becomes inappropriate due to unacceptable filter losses. Usually
low-pass filters are between three and seven stages. For this specific

) design example, the bond-wire interconnect is treated as a five-stage
[1] J.P. Berenger, “Perfectly matched layer for the FDTD solution of wav:

structure interaction problemslEEE Trans. Antennas Propagatol. Efow-.pass f|I.ter. . . .

44, pp. 110-117, Jan. 1996. Fig. 1 displays a five-stage low-pass filter prototype with se-
[2] S.D.Gedney, “Ananisotropic PML absorbing media for the FDTD simfies inductors and shunt capacitors. There are well-known published

ulation of fields in lossy and dispersive medigjectromag.vol. 16, pp.  tables in the literature of the relative values of the inductances

399-415, 1996. , and capacitances for filter design [1]. For example, if a 0.5-dB
[3] W.C.Chew and W. H. Weedon, “A 3D perfectly matched medium from -riopl is desired. th inale ind fil Id
modified Maxwell's equations in stretched coordinateslicrowave equal-ripple response Is desired, then a single inductor filter wou

Opt. Technol. Lettvol. 7, no. 13, pp. 599-604, Sept. 1994. have an inductance di.70L. A five-stage equal-ripple filter with
[4] L. Knockaert and D. De Zutter, “On the stretching of Maxwell's equathe same cutoff frequency would have a center inductoR.6f L
tions in general orthogonal coordinate systems and the perfectly matchgsyy two outer inductors of.71L [2], where L is the inductance

'2""3’&;'" Microwave Opt. Technol. Leftvol. 24, no. 1, pp. 31-34, Jan. .+ selects the cutoff frequency of the filter. This implies that for

[5] H. Derudder, F. Olyslager, and D. De Zutter, “An efficient series expar?he same cutoff frequency of the single- and five-stage filter, the
sion for the 2-D Green’s function of a microstrip substrate using pegenter inductor in the five-stage design can have a 3.6 times higher
fectly matched layers [EEE Microwave Guided Wave Lettol. 9, pp.  inductance than a single inductor design. This directly translates
505-507, Dec. 1999. into a 3.6 times longer bond wire for the same cutoff frequency.

[6] P. Bienstman, H. Derudder, R. Baets, F. Olyslager, and D. De Zutt A - - . e .
“Analysis of cylindrical waveguide discontinuities using vectorial eigene-Irhe ability to lengthen the bond wires is critical for high-yield as

modes and perfectly matched layertEEE Trans. Microwave Theory Sembly of millimeter-wave multichip modules.
Tech, vol. 49, pp. 349-354, Feb. 2001.
[7] H. Derudder, F. Olyslager, D. De Zutter, and S. Van den Berghe, “Ef-
ficient mode-matching analysis of discontinuities in finite planar sub-
strates using perfectly matched layertEEE Trans. Antennas Prop-
agat, to be published. Manuscript received June 26, 2000.
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L1 L2 L1 changed and the process is iterated until acceptable performance is
o—/Y N T Y T ARA achieved.
C1 Cl After the best design is achieved, the final design response is verified
I I by a second simulator (Ansoft's Maxwell Eminence). Two key design

i issues are addressed by this iterative procedure. First, by using HP Mo-
mentum instead of Ansoft's Maxwell Eminence, the design cycle time
the bond-wire inductancé,1 is realized with a short high-impedance section o#s reduced to le,ss than one d?y for each |teratlon compared to. three
transmission line, an@'2 is realized by a combination of short Iow-impedancéjayS for Ansoft's Maxwell Eminence. Also, by using Libra physical
bond pad and a bond pad gap capacitance to ground pads on either side. models, changes in the layout can be predicted accurately before se-
lecting to run a CPU intensive EM simulation.
Fig. 2 displays the top-view layout of the glass-to-glass inter-
connect using two 1-mil-diameter (25:4m) bond wires designed
for a fixed length of 17 mil £432 um). The final fitted Libra
schematic based on measured data for this interconnect is presented
in Fig. 3. The measured results represent a first-pass design success
for production capable bond-wire lengths of 17 mil (48&n)+2
: mil (50 pm). The combination of EM optimization using HP’s
o1 |e2umyl o i Momentum two-and-one-half dimensional (2.5-D) EM simulator, as
L1 u well as a second verification by Ansoft's Maxwell three-dimen-
500 ‘190;,m; Iwom L2 500 sional (3-D) EM simulator helped produce these f_irst_results. To fit
the model to the measured data, only the bond-wire inductance and
950m| |« > the gap capacitance were varied for the 17-mil-long bond-wire case.
200um : Next, the inductance step was determined that fit the 15- (38)
H and 19-mil-long (483:m) case. The inductance of these two bond
Reference Plane wires is simulated to be between 0.115-0.155 nH if the bond-wire
lengths vary between 15- (381m) and 19-mil long (483:um). If
25pm diameter these bond wires were uncompensated, then they would only pass
4';‘;’:31:";;‘:; frequencies up to 40 GHz with 1-dB insertion loss with a return
loss of 7 dB into 502 ports. At 76 GHz, the uncompensated in-
terconnects have an insertion loss of 3.4 dB and a return loss of
Fig. 2. Layout of a glass-to-glass interconnect that uses two 17-mil-loi&y7 dB. Figs. 4 and 5 display the measured and modeled insertion
(432 pem) 1-mil-diameter (25:m) bond wires. and return loss of the compensated bond wires and uncompensated
designs.
The compensated interconnects are clearly superior to the uncom-
pensated ones, which uniformly degrade with higher frequencies. The
Il. DESIGN OF AGLASS-TO-GLASS DC—80-GH INTERCONNECT results display that the design goal®10 dB return loss anet0.3 dB
insertion loss is easily met for automotive applications at 76 GHz for

1-mil diameter (25:m) bond-wire lengths from 15 (38§1m) to 19 mil
For automotive radar applications, there is a need for a class@83,m).

bond-wire interconnects that connect 12M-thick glass chips to
each other with a bandwidth of 85 GHz. The filter from Fig. 1 is
realized with two ball bond wires for the inductankg, a combination

of a short low-impedance section of transmission line and a shunt
gap capacitance for the capacitari¢®, and a short high-impedance
section of transmission line for inductand®. During the design
stage of this interconnect, the bond-wire length was first fixed to a
reasonable length for manufacturing (17 mil/4agh), but a very

challenging length for 76-GHz signals. This paper has presented a new type of interconnect topology
This design was accomplished by first creating a model of thbat uses filter design techniques to create a dc—-80-GHz five-stage
structure in Libra and optimizing the interconnect for bandwidth. Nexiow-pass filter bond-wire interconnect on 5-mil-thick (12#m)
the structure was simulated using HP Momentum where thin-stiggass. The design techniques may be applied at any frequency
equivalent air bridges are used for the bond wires. An equivalessdd on any other substrate (Si, GaAs, Duroid, etc,) and
thin-strip air-bridge width is first found that has the same impedanemable the use of significantly longer bond wires, as long as each
as a round bond wire by using a two-dimensional (2-D) quasi-stattbip has filter-like compensation on the RF bonding pads. The
simulator (PDEase2D by Macsyma Inc., Arlington, MA). For the cadaterconnects tested represented the closest possible structure that
of a 1-mil-diameter (25.4:m) wire bond that is 10 mil (254 mm) would be manufactured with automated ball-bonding equipment.
above a ground plane, a 2.3-mil-wide (gB) thin strip will have the Additional testing should be performed to gauge the effects of
same impedance of 21Q. The electromagnetic (EM) data is thenbond-wire shapes or spacings. These variations may change the
fitted with a Libra physical model where the dimensions of the modeljuivalent series inductance of the bond wires and change the
match the layout dimensions. Shunt capacitances and bond-wband-wire length tolerances predicted by these measurements. This
inductances are allowed to vary to fit the EM simulated results. Nextesign technique may also be applied to plastic packages with
the Libra physical model is tweaked to find which changes in tHeng wire leads or to ball grid array packages, as long as a small
layout will drive the performance in the right direction. The layout ishunt capacitive element can be realized at either end of the lead.

Fig. 1. Five-stage low-pass filter interconnect prototyp2.is realized with

30pm Via
i 25um

Reference Plane Via

11l. CONCLUSIONS



IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 49, NO. 4, APRIL 2001 717

LVIA LVIA
FREQ=GHz
RES=0hm
CGAP CGAP COND=8
IND=nH
MLIN MLIN CAP=pF
W=W2GL =W2GL LNG=um
L=L2GL L=L2GL
MSUB=Glass LBOND MSUB=Glass
- 1 V™ 1
MOTER WO CROS MCROS WL e B
W1=250 W=W1GL W1=W1GL W1=W1GL W=W1GL  W1=250
W2=W1GL L=L1GL W2=W2GL W2=W2GL L=L1GL W2=W1GL
MSUB=Glass  MSUB=Glass | W3=W1GL W3=W1GL MSUB=Glass MSUB=Glass
W4=W2GL W4=W26L
MLIN MSUB=Glass  MSUB=Glass} MLIN
W=W2GL =W26L
L=L2GL L=126L
MSUB=Glass MSUB=Glass VAR
MSUB _VAR
Oloss CGAP CGAP o0
ER=4 L1GL=180
H=127 LVIA LVIA W2GL=200
T=2.50 12GL=95
RHO=2 CGAP=0.0116
RGH=0 L] {VIA=0.1
x i LBOND=0.135

Fig. 3. Equivalent schematic of the glass-chip-to-glass-chip interconnect using 1-mil-diameterrt®5LZ-mil-long (432:m) ball bonds.
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Fig. 4. Measured and modeled insertion —loss response of a compensated glass-to-glass interconnect that uses two 1-mil-digmne}dra(Pbahds of
various lengths (15-19 mil/38-483n long). The simulated uncompensated interconnect results are presented as well.
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Fig. 5. Measured and modeled return-loss response of a compensated glass-to-glass interconnect that uses two 1-mil-diameter ball bondsgthearious |
(15-19-mil long). The simulated uncompensated interconnect results are presented as well.
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Fig. 1. Unequal line-length branch-line coupler.

Branch-Line Couplers Using Unequal Line Lengths
P 9 q 9 branch-line couplers, which are more suitable for microwave-inte-

Canan Toker, Mustafa Saglam, Mustafa Ozme, and Nilgun Gunalgrated-circuit (MIC) and monolithic-microwave integrated-circuit
(MMIC) applications also use quarter-wave-long lines [4].
Branch-line couplers with quarter-wave-long lines being satisfac-
Abstract—General solutions for branch-line couplers using different line tory for most applications, similar constructions, but having different
lengths are provided in this paper. Explicit expressions are derived with  |i5e lengths, are the interest of the work presented in this paper, which

which a hybrid with any given power division ratio can be designed. In the h tb idered . V. It i t only int ting f th
design, one of the characteristic impedances or lengths of the branches can''@S NOL D€EN considered previously. IL1S not only interesting irom the

be chosen arbitrarily to suit a given design specification. This approach academic point-of-view, but it is also useful, for some applications, to
brings flexibility in choosing the characteristic impedances or the lengths use this alternative design because the hybrids using quarter-wave-long
of the branches, and is helpful especially in monolithic-microwave inte- |ines do not always lead to realizable characteristic impedances. This
grated-circuit applications where restrictions imposed on microstrip rans- ¢, .+ is ohvious in some MIC and MMIC applications where the values
mission lines do not allow the use of conventional branch-line couplers em- L . . L .
ploying quarter-wave-long lines. However, the resultant bandwidth is nar-  Of the CharaCter'St'f: impedances of t_he microstrip transmission I'm:j‘s
rower compared to that of the conventional coupler. are outside the realizable range. Varying the lengths of the branches in-

troduces additional freedom in choosing the characteristic impedances
to overcome this realizability problem, as will be discussed below.

In the alternative design presented in this paper (see Fig. 1), the char-
|. INTRODUCTION acteristic impedances and lengths of the through and branch lines are

. . . . . different. This type of construction enables one to deal with four vari-
Ever since the introduction of the branch-line couplers, it has bee .
. ables, namely, two characteristic impedances and two lengths com-
a common practice to choose all the branches a quarter-wave-long at . o
; - ared to the conventional coupler where only two characteristic imped-
the center of the frequency band of interest. With fixed lengths of the : . .
. . o ances are used as variables. The analysis of the new branch-line coupler
lines, attention is then concentrated on the characteristic impedances : . - . o ;
. . . e eads to three design equations with which a hybrid with any power di-
of the various branches to satisfy the given specifications. This.. . . . . .
. - .\ision ratio can be designed readily. In this design, one of the parame-
procedure is adopted for all the work on branch line or branch-guide

. X . . ers can be chosen arbitrarily, which may be very useful under certain
couplers, including multibranch couplers, which are developed 19 ) i
- . ; ircumstances, and the phase angle difference between the transmitted

widen the inherently narrow bandwidths [1], [2]. The problem of. . . o

o 4 L ignals to the output branches is’98owever, bandwidth reduction is
realizability concerning the characteristic impedances of the mulfi- .
: ) - e . unavoidable.
branch microstrip couplers is improved by optimization algorithms;
however, in such studies, the lengths are again kept fixed and only the

characteristic impedances are optimized [3]. Broad-band uniplanar

Index Terms—Branch-line couplers, hybrids.

Il. ANALYSIS

The branch-line coupler under investigation is shown in Fig. 1. This

Manuscript received August 31, 1999, cogpler has dlfferentlllne lengths and characteristic |mpedan9es for the

C. Toker and N. Gunalp are with the Department of Electrical and Electroniggjacent arms. The lines are assumed to be lossless e}nd reciprocal, and
Engineering, Middle East Technical University, 06531 Ankara, Turkey. the reference impedance at the ports is take@asZ, is the char-

M. Saglam was with MIKES (Microwave Electronic Systems Inc.), 0653&cteristic impedance of the through lines andis the characteristic
/S*tg'(‘j?rjh?\;irr';% ;‘ET;SC?]?]‘Q’k‘;‘Sg‘ gllezg”;g;:fn‘s’ra'\g'tcg‘gﬁxzn'i'ec"o”'CS' Darmimpedance of the branch line&, andf, being their respective elec-

M. Ozme is with Military EIe’ctronics Industries,’ASELSAN (Military Elec- trical lengths. Port 1 is the input port aﬁd port 4 is the isolated port.
tronics Industries), 06531 Ankara, Turkey. Ports 2 and 3 are the output ports. Applying even- and odd-mode anal-

Publisher Item Identifier S 0018-9480(01)02429-2. ysis [5], the chain parameters are obtained as follows:
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