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Circuit Model for Coupling Between MMIC’s In
Multichip Modules Including Resonance Effects
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Abstract—This paper describes a circuit model to be used
for the approximate calculation of coupling between monolithic
microwave integrated circuits (MMIC’s) in a multichip module. ﬁ
The model is developed from basic electromagnetic principles EF'_.;"‘\_‘_E'
and relies on the formation of equivalent electric dipoles to |=
represent the complex currents on the various MMIC’s within
the module. The technique is suitable for use in layout-based
circuit simulators and uses no numerical analysis.

Index Terms—Coupling, electromagnetic coupling, MCA, - B -
MCM, multichip assembly, multichip module. Ya 2

I. INTRODUCTION N oL - A

ICROWAVE modules generally consist of monolithic Cover —— ~\
microwave integrated circuits (MMIC's) and support- HHE 'Gﬂ#;; _'__':"ILI— - i r |
ing components enclosed in some type of housing or package p: jayar = .
[1], [2]. Fig. 1 illustrates such an assembly. It shows MMIC’s
embedded in an interconnecting substrate, which forms tfg 1. llustration of a multichip module.
upper layer of a multilayer substrate. A conducting cover is
mounted on top and connects with vias to the ground planesilections of ideal electric dipoles in so far as determining
below. This paper describes a computer-aided design (CAfBg coupling field is concerned. This means that only averages
technique for use in predicting the parasitic coupling betweeii the currents on the MMIC surface must be determined. A
the MMIC’s in such modules. similar principle is used for the fast multipole method for static
Microwave CAD of a module currently consists of simand quasi-static computations of capacitance [4] or inductance.
ulations where the MMIC’s within are coupled using onlyHowever, here we are dealing with complex fully dynamic
circuit theoretic techniques. Electromagnetic coupling (relatingrcuits that are weakly coupled. In addition, the proposed
to layout or packaging) is neglected. If, after building @chnique is not a numerical analysis technique, but rather an
module, it turns out that the neglected coupling significanttypproximate circuit modeling method that is intended for use
affects performance—e.g., causing oscillation—then the mad-conjunction with circuit-simulation CAD, including active
ule package must often be redesigned. For low-cost packaggsyices. It does not require any numerical electromagnetics
this is especially difficult and time consuming. and would not put the demands on memory and the central
In principle, interchip coupling could be evaluated fronprocessing unit (CPU) that are normally associated with
a full electromagnetic simulation of the module and all theumerical electromagnetics. No numerical preprocessing or
circuit currents in it. However, each MMIC may consist opost processing of any significance is necessary.
a 100 or more components that emit energy to, and receiven addition to detailing [3], this paper extends the range of
energy from, the other MMIC’s in the module. Simulation ofhe algorithm to include laterally enclosed packages. Section Il
such a situation is currently unrealistic and the detail it wouldescribes the general algorithm. In Section 1lI, the algorithm
provide is not necessary. An approximate analysis which cRnapplied to some test cases and the results compared to
be done quickly would be much more useful. detailed full-wave simulation. The modification for laterally
This paper describes in more detail the concept that wesclosed packages is presented in Section IV and verified by
originally presented in [3]. The basic idea requires thabmparison to full-wave simulation in Section V.
MMIC’s in a multichip assembly (MCA) be treated as

Il. THE ALGORITHM
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Clreult & plate wave. This implies that the conducting cover and
H ground plane are close enough to each other that all other
! parallel-plate waves are evanescent. This should be true
i for a majority of covered package structures [5].
i 2) The coupling between the MMIC's is small enough that
; their zeroth-order current distribution is not significantly
changed from what it would be if no coupling existed.
DMpole Monsent for each compancat This is the same assumption that is made when the
impedance of an antenna is calculated when another
Culus Cintled Futar+ Lzt antenna is present some large distance away. If strong
coupling were present, the general shape of currdnts
Z would be significantly changed by the presencdé3oin
1 our case, a package which allowed such strong coupling
Totsl Sipols et for circalt A would be unusab_le and the accuracy of the coupling
would not be an issue.

Lala 3) The dimensions of each MMIC are small relative to

a TM, parallel-plate wavelength. Thus, the detailed

Compute feld st B due 1o dipale st A current structure on the MMIC is not needed for the
s TM, field computation and only a small set of equiv-
[ﬂ[ﬁ.]]h--ilﬁ-.-i![lfdl* alent electric dipoles is necessary. This is a significant
approximation and allows CPU and memory demands

l to be compatible with circuit simulation rather than full

electromagnetic simulation. The assumption of small
electrical size should remain valid up into the millimeter-
wave range since the size of most MMIC's is on the

Cemerator lor sach component im B

Vou =-Efplolow Vi =-Efp)ely order of a couple of millimeters and thEM, parallel-

:1 5 plate mode has a wavelength of the same order as a
Voo =~Eippleloy iz = ~Eifp)* gz free-space wavelength. At still higher frequencies, or
= 3 for more accuracy, a MMIC can be partitioned such
: . that each subsection is represented by its own set of
! Yout Va1 Vaz . equivalent dipoles.
i ; The details of the equivalent dipole algorithm are now

Fig. 2. Outline of algorithm for coupling MMICA to MMIC B. A Approximate Field Evaluation

For the circuit model that we derive, we need the three

short-circuit stub, an inductor with one terminal grounded, and

components i, y, z) of the electric field atB due to three
a length of transmission line. We define effiective lengthor

omponents of current a1. For simplicity, we take only the
each component, which determines how effectively it couples

-directed fields due te-directed currents as an example, and
to the field inside the MCA. The effective length multiplie hen list results for the remaining components in Aopendix A.
by the terminal current forms thequivalent electric dipoléor 9 P pp

that component. As far as field generation is concerned, MM-B]e rigorous evaluation of the fields is normally accomplished
sising a Green'’s function relation such as
A can be replaced by a cluster of equivalent electric dipoles

Since these dipoles are fairly closely space electrically, they Eu(z,y) = // ' dyf G, !, 4y, ) ol ) (1)
can be combined to form an equivalent electric dipole for ; ; T ;

the entire chip. This macro-dipole is then used to calculajghereG,,, is expressed as a spectral integral [5] and applies to
the approximate field at MMICB or at other MMIC’s in  a layered region of infinite extent. If currentsare sufficiently
the MCA. On MMIC B, each component receives more ofar from the field evaluation point on circuit, then those field
less energy depending on the component’s effective lengife primarily communicated by tHEM, parallel-plate mode
and orientation. The energy received induces voltages at {Bg(see Assumpuon 1). Equation (1) can then be simplified to
component terminal ports, which are modeled by voltage pe

sources in series with each port terminal. A circuit simulator E,.(x, 3) ~ W [QTl\q(/JTM)]a > R"™(z, ) (2a)
is then used to calculate the overall effect on MMEs
performance. where
The following approximations are used in determining the 2
algorithm. R*™(g ) = // de'dy T (', YHD (8™ |5 - 7))

1) The separation between circutsand B is large enough
that they only couple to each other via tha1, parallel- (2b)
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and 8™ is the propagation constant of tiEM, parallel- the MMIC. We designate the electric dipole moment of the

plate mode, is the solution of a transcendental equation, amgerall MMIC A current by

can be determined by a standard root-finding algorithm. It only

needs to be determined once per frequency for a given layered Loals = // dsJ(z, y) (5a)

package and it may be complex if loss is present in any of the

layers.Qry is an analytical function off (see Appendix B),

which contains information about the dielectric layers in th&herel 4 is the terminal current of a presumed one-port MMIC

region around the MMIC. It has a pole gt= 8™ with an and L, is the effective length of the sum of thedirected

associated residu@es[Qrwm]. currents in MMICA. For an N-port MMIC, the integral would
For simplicity, we limit the following derivation toz- be replaced by a sum of dipoles

directed currents and fields. The results for #heand »-

Sa

directions are listed in Appendix A. Assuming thatlirected Ny o
currents on MMICA are clustered around a location that we // dsJo (2, y) = Z Ly Lo (5b)
designate ag.4.., the Hankel function in (2b) can be expanded Sa n=l

for ¢’ nearp = j4.. For MMIC currents of small extent ) - _

relative to the TM-mode wavelength (Assumption 3), only th@herel;” is the terminal current at the nth port. Therefore,
lowest order terms in the expansion are necessary. Equaffg¢h Port has a dipole associated with it defined by

(2b) then simplifies to

i P 1) = // dsJy(z, 5¢
R (a2, y) m Hg? (B™)5 — ) // ds' Jo(7) Alaa sJal@ 9)| (50)
Sa 767=0,i%n
Sa A

+ [ﬁ’HS”(ﬁTMW— ﬁ’|)} - where thenth z-directed dipole is determined by thedirected
peras current distribution when all but the nth port is open circuited.
// ds' (' — Paz) (P (3) The overall MMIC equivalent dipole in (5a) can be deter-
g mined by summing the dipoles of the components within the

MMIC. To form the component dipoles, we define an effective
where 5 4 is the surface of MMICA. The integral in the first |ength for each component
term is thez-component of the electric dipole moment of the
total current on MMICA. The integral in the second term is 7. = i// T(e, y) de dy )
the first moment of the current on MMICL. In this paper, L ’
we neglect the second term. (It could, however, be used to Sai

improve the algorithm’s accuracy.) _ where S4; is the surface area associated with thie com-
Equation (2) can, therefore, be approximated by ponent in MMIC A and I; is the terminal current of théh
. (presumed one-port) component. With this definition in mind,
(Ee(0B)]a = —Zua(|PB — Pasl) // ds'J.(7')  (4a) the dipole of the overall MMIC equation (5a) containidg
Sa components can be written as a the sum of the individual
component dipoles

where
M M
—J : 11> = 7 7
= 2/3TM ReS[QTM ([3TM)] @HSQ) ([3TM |p — prD (4b) s

. . where the component terminal currerf%} can be calculated
Note that only the integral of the current ohis needed to by a standard circuit simulator. For a multiport MMIC, as

evaluate the field aB. The detailed current structure is not scribed in (5¢), various sets dff;} will be generated

. A ) d
el o el Smaton s e v Hloending on whih pot i e nd which ports are per
9 9 dircuited. Note that the number of ports in a MMIC will be

Also, the termZ,, only has to be evaluated a few tIrnesi/ery few and, thusjV in (5b) will be very small. On the other
arqand, there can be several hundred components in a MMIC,
making M in (7) very large.

The effective component length (6) is a very fundamental
part of this algorithm. Since it is normalized by the port cur-
rent, it is a sort of form factor for the current on the component,

In what follows, we describe how to calculate in (4a) thand since the effective length depends on the integral of the

integral of J,, and the equivalent source poifif.. Basically, current, knowing the detailed current characteristics is not
the integral of J, is the equivalent dipole moment of thenecessary. An analytic expression for edchcan be derived
overall MMIC current and is approximately equal to the sumsing a rough estimate of the current structure. It can then be
of dipole moments corresponding to each component withétored along with a component’s circuit model in a simulator’s

be approximated by its large argument forms. Tjheand
z-components ofZ;; are included in Appendix A.

B. Equivalent Dipoles and Effective Lengths
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library. For example, the effective length of an open-circu€. Equivalent Voltage Generators

stub of length oriented in thez-direction would be Lastly, we determine the voltages that are induced on the

. 1 - , components in MMICB. These voltages are then modeled
L, =— / I; (1 — —)a‘m de = —t,. (8) in the circuit simulator using equivalent voltage sources con-

i Jo ¢ 2 nected in series with the terminals of each component. This

At higher frequencies, a better approximation would resdft Similar to the way that equivalent sources are used in noise

from using a sinusoidal current in the integrand. In such cas@g‘lalySiS' For theth one-port component in MMI@, the port
the effective length will become slightly frequency dependenfO!tage can be found from the reciprocity relation [6]

At high frequencies, an effective length may have real and 1 . -
imaginary parts. Vi= _Z// dedy[E(z, y)]a - Ji(x,y) (13)
For a multiport component, each port has an effective length Spi
associated with it that can be determined from where the subscrip# indicates that the field in the integrand
originates from circuitd. Assuming that’ does not vary much
Egn) _ R // j(% y) d dy (9) over t'h.e extent of thé&h component (Assumption 3), (13) can

7™ simplified to
b Sa I™M=0,i%n

=

L 1t _ L
- | Vim —[E(Fp)la- + // dzdyT;(z,y) = —[E(7s)l.a - Li
where I;”is the nth port of theith component. The Iis

Bi

transmission-line section, shown in Fig. 2, is an example (14)

of such a case. whereL; is the effective length of thith component in MMIC
We now describe the evaluation gfi.., the location vector B. If the ith component is a multiport, then the voltage at the

for the z-directed MMIC equivalent dipole [see (4a)]. We havéith port becomes

found that the most accurate results come from defiping

by Vi = [E(@n))a - L. (15)
ety et The placement of the voltage generators is illustrated at
// ds'g'|J=(8")] Zp_;:i|LmiI7‘,| the bottom of Fig. 2 for an open-circuit stub, a grounded
Fap = 24 — | (10) capacitor—stup combination, an_d a transmission line.
// ds'| 1, (7)) Z|Lm]i| To summarize, we refer again to Fig. 2. Each component
) 7 in a MMIC has an effective length that can easily be precal-
A

culated and stored. The equivalent dipole for a component is

where S, refers to the area of MMICA and j,; locates the determined by multiplying a component’s effective length by

z-directed equivalent dipole for thigh component in MMIC the appropriate terminal current, as determined using standard-
A. 7, is specified by circuit CAD. The component dipoles are combined to create
the overall dipole set that represents MMIE This set is
// A7 | To(7)] t_hen used in a simple approximate expres_sion to_ find the
fields at MMIC B. The dot product of the fields with the
Fi = A (11) effective lengths of each of the MMI®@ components yields
// ds’| T (7)) the appropriate voltage generators. Circuit CAD can then be
Sa

used to determine the resulting voltage at MMECs ports.

and S 4; refers to the area associated with thie component IIl. COMPARISON TO NUMERICAL SIMULATION :
within MMIC A. For a multiport MMIC, thez-directed dipole ANECHOIC ENCLOSURE

associated with the nth port would be located at . _
In order to assess the accuracy of this algorithm, we

ot Ty compare its predictions to the those obtained from a full-
// ds'p| 1o (0)] wave analysis using Sonnet Softwaresn packagé. The
Fan™ = | 24 (12) formulation described to this point assumes no sidewalls
// ds'|Jo(7)] (infinite lateral extent). Sln_ce afim simulations take place in
i I a fully enclosed computational box, we must madds box
A =070

look infinitely large laterally by including a damping substrate
layer just beneath the cover. The layer’s loss is chosen to be
large enough that a parallel-plate wave launched by the circuit
is damped to a negligible level by the time it reflects from one
of the simulator's sidewalls.

Fig. 3 shows the transadmittance between two one-port
SRen—circuit stubs, each of which is fed at one end through

and can be evaluated in a manner similar to (10).

In general, each transmitting MMIC has a set of three (
1, z) overall dipoles per port. The location of thedirected
dipole is different than the location af-directed dipole and
different also from the location ef-directed dipole. The dipole
locations move around versus frequency since the distributi
of current changes as a function of frequency. lemis a trademark of SONNET Inc., Liverpool, NY.
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00O T T T . Fig. 4. Coupling between two two-port microstrip stub circuits separated by
L] 10 15 20 25 30 a5 a0 5 mm. Case | with circuits co-oriented. Case Il with one circuit rotatetl 90

structure are the same as the previous example. The centers
of each circuit are separated from each other by 5 mm. In

a via from the bottom plane of the test package. The stsse |, both circuits are oriented in the same way relative to
dimensions are each 0.2 mm 0.6 mm on the surface of a°ne another. In Case Il, the second circuit is rotated By 90

0.1-mm substrate with, = 12.9. A free-space layer (0.1 mm), Note this rotgtion has a very large effept on the couplling even
a damping layer (0.7 mms, = 12[1 — 105]), and a perfectly though the distance between the two circuits has not increased.

conducting cover make up the layers above the circuit. TheTWO sets (one for each _port) of three dlpolezs_ 0. Z). :
stubs are colinear with centers separated by 3 mm. were used to compute the fields generated by a single circuit.

The transmitting stub circuit is approximated by-directed The receving circuit was subdivided such that nine v_ol_ta_ge
agenerators were used to model the coupling effect. Dividing

is the substrate thickness 0.1 mm and the current through i#fés. grcun Into SO many small pieces was not necessary. A

the port current;. Thus, thez-directed dipole has a momentlelSlon that required five generators would have produced
' similar results. Hewlett-Packard’s Microwave Design System

152 A-mm and is | he vi nter. Usin w
0.2 and is located at the via center. Using (8), \Iegas used to compute the effects of these sources at the

calculate the effective length of the stub to be 0.3 mm ang, : N
. . . N . inNput/output ports of the combined circuit.
thus, thezx-directed dipole moment i8.3/;& A-mm. Using .
. : ; . The results show that the approximate method calculates the
(11), we calculate the-directed dipole’s location to be 0.2 ; o . . i
. . coppling within a few decibels of the more rigorous numerical

mm along the stub from via center. These two dipoles are usc?zﬁculation bvem
in conjunction with (4) and their counterparts in Appendix A to y
calculate the fields at stuB. The voltage source at the port of
stub 2 is calculated from (15). It i = —[0.3E,+0.1E.] (we IV. MODIFIED ALGORITHM FOR FINITE-SIZE ENCLOSURES
combined two sources for this simple circuit). Thus, what we The algorithm as described above assumes an MCA which
have obtained at this point is the transimpedance between ihef infinite lateral extent. Adding sidewalls to the package
stub ports. Because of the stub resonance, the transadmittamidecause package resonances to occur at high frequencies.
is a more interesting result. We obtained this by dividing théoupling is greatly enhanced at frequencies near a resonance.
transimpedance by the square of the stub input impedanceTasreduce the effect, one can add a lossy damping layer,
obtained fromem simulation of one stub. A circuit simulatoras was done for the preceding results, but it is difficult
with a good model of the stub/via is all that is necessary féo determine how much damping is enough to completely
this last stepemis not really required. eliminate resonance enhanced coupling and, therefore, we will

Fig. 3 compares the transadmittance determined from thgually need to include the influence of the walls in the
dipole approximation to the transadmittance obtained entirgigorithm. This will be accomplished using an image technique
by em. Note that the curves are almost identical over a bro&®.
range of frequency and transadmittance. Each MMIC equivalent dipole creates a set of images

Fig. 4 shows theS-parameter coupling between two twoin the sidewalls of the MCA. Our algorithm computes the
ports for two different orientations Each two-port consists dfeld anywhere in an MCA of finite extent by converting the
a transmission line with a shunt connected open-circuit stuiroblem to an MCA of infinite extent populated by the primary
The transmission line is a 1.4-mm length of microstrip fed &lipole source and a set of image sources.
each end by vias to ports in the ground plane. All strip widths An z-directed dipole is taken as an example to show how
are 0.2 mm and all vias are 0.2-mm square. The stub lendf¢ algorithm is modified for this situation. Fig. 5 shows the
is 0.6 mm from transmission line edge 'tO elbpw and a'nOtI’]erzMicrowave Design System is a trademark of Hewlett-Packard Company,
0.6 mm from elbow to stub end. The dielectric layers in thealo Alto, CA.

Fig. 3. Transadmittance between two one-port stubs. Side view in inset.

dipole and an:-directed dipole. The effective length of the vi
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Fig. 5. lllustration of the MMIC equivalent dipole and its images. 3 \ /,/f"
1==2 v
primary and image dipoles. All the dipoles have strengths g3 : . L
L. 1I,. However, half of the image dipoles have the opposite 10 15 20 25 0
direction to the primary one. Using (4), we can easily obtain F(GHz)
the electric field ap's radiated byL, 474 and its images Fig. 6. Coupling between two two-ports in an box>8 8 mm in extent
N with a damping layer having a loss tangent of 0.1. The structure is otherwise
[E.(FB)]a identical to Case Il in Fig. 4.

~—Lpaly Z Z

e . assumptions used in developing this algorithm are that: 1

A Zeo(|PB — Pax — (2nad + 2mbj)|) + Zuo the onﬁ/ coupling between I\aM?C’s is b%sed on tH&, :
(178 — (202 — Pax) — (2na + 2mbJ)|) — Zoo parallel-plate mode; 2) the coupling between the MMIC's
-(|pB — (2 — Pax) — (2nad + 2mbf)|) — Zzs is weak enough that it does not significantly effect the
(|7B — (2a& + 2bj — Pax) — (2nad + 2mbg)))}.  current distribution on the transmitting MMIC; and 3) the

(16) size of the MMIC'’s involved is small relative to &M,q

wavelength. This last assumption allows us to approximate

We can do similar modifications op and z-directed dipoles the very complicated currents on the MMIC by a small set
Ly4l4 and L. 414. The number of image dipoles needed tof dipoles and greatly simplifies the coupling calculation.
evaluate the electric field giz depends on the loss in theWe have verified the algorithm by comparing its predictions
damping layer and the required accuracy. For the examjfe a those of a numerically rigorous method of moments

enclosure that we next describe, the accuracy is sufficientsimulations.
all the image dipoles within a distance of ten times the box The algorithm does not require any numerical electromag-

dimension are included in the summation. netics other than finding the propagation constant of the
parallel-plateTM, mode. Because it depends on averages of

V. COMPARISON TO NUMERICAL SIMULATION current—rather than the detailed current distribution—it does
FINITE-SIZE ENCLOSURE not require large memory resources. As a result, the algorithm

can be used on arrays of MMIC’s in a multichip module. Its
organization is ideal for use in circuit/layout-based simulators.

. o L2 . . This paper extends [3] by including more details of the
using the modified circuit model algorithm described abov?echnique and by introducing the modification that allows the

The loss tangent O.f the damping layer is 0.1. The box .S'Ze.gge of the algorithm in enclosures with lateral sidewalls. Future
8 x 8 mm. Otherwise, the layer structure and the two circuits . . . .
ork will address changes in coupling caused by coating a

in the box are the same as Case Il described in Section . .
Fia. 6 shows!|Ss| determined from a full-wave simulation MIC with a protective substance or by the presence of an
9. | 932 inhomogeneous substrate.

and from our dipole approximation algorithm. Note the greatl|)|/1
increased coupling that occurs at the resonances introduced by

the box. The result shows the good agreement between the APPENDIX A
two methods. In our algorithm, we include 675 image dipoles COUPLING MATRIX
for every primary dipole. The total calculation time for the The components oZ(|7 — gai1|) are
circuit model running in MDS is less than 1 min, which is

Coupling between two test circuits in a modergteenclo-
sure is computed using the full-wave analysis packagend

at least two orders of magnitude faster them run on an Zaa(|P _pr1|) »
HP-715 workstation. For typically sized MMIC'’s, with 100 — j—Res Qrai(f™ ey 6] A5
L . . . — / . el p p
components within each MMIC, it would be impractical to 2™ (@l )]3972 ( | b
run such a simulation usingm (A1)
Zyy(w_ Pa1 |)
VI. CONCLUSION j Re o 92 HOY (g™ 5
An algorithm has been described for computing the — — 24T s[Qrmlf )]8_3;2 o (BN = Pasl)

coupling between MMIC's in a multichip module. The (A2)
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Zym(|ﬁ_ ﬁAlD

2/3TM ReS[QTM(ﬁTM)]a or H(2)(/3TM|P pal)
(A3)
Zay(|7' = Pazl)
= Zyo(|P' = pal) (A4)
sz(|ﬁ_ _’A1|)
_,/3TM ’ ] i .
= Sz g Resl@e (5] 5 HE (™7~ )
z1
(A5)
Zy (|7 = parl)
JﬁTM o
2k2 d; Res[Qrn 1(/3TM)] By (2)( 3TM|P Pail)

(A6)
Zzz(|ﬁ_ ﬁAlD

= ﬂ gTMY () (gT™ |7 _ =
= ot 2 Res[Qrm (8- )] H;7 (B0 — fal)
z1l 1
(A7)
Zo: (|7 — pal)
= —Z.(|f— Parl) (A8)
Zy:(|p = pal)
= _Zzy(|ﬁ_ ﬁAlD (A9)

k.1 =eikg — (B™)%

In (A1)-(A4), Z;; = —E;/(L;I;) wherei andj can bez or
y. In (A5) and (A6),

Z

=i

dy
=_ / d-E.| | L1, (A10)
0

where j can bez or y. Thus, in those cases, we are onl

Y(z) _ Crifo
™ kzino
. k74
Y(Z) — il
TE kono

k2 = eqkd — 32, Im(k,;) < 0.
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function for the layered structure in Fig. 1. Note that= £
or M
1

-7 (BY)

v = v cot(k.y di) Y
—1Y:ﬁ‘2 cot(k.3 ds) (B2)
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