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Abstract—In this paper, a computer-aided design (CAD) algo-
rithm is presented for determining the coupling between sealant "]

covered monolithic microwave integrated circuits (MMICs) in a E E.
multichip module. It is assumed that the MMICs are sufficiently Haied . =
separated that near-field coupling can be neglected and that E
TM, parallel-plate fields dominate. It is also assumed that the

MMICs are each covered by a sealant of size commensurate with (a) side view

the MMIC. The technique presented is computationally simple,

appropriate for use with layout-based circuit CAD software,

and uses no numerical electromagnetics. It has been tested by ;_
comparison to full-wave electromagnetic simulation. In simple F;"{
test cases, this technique showed over two orders of magnitude

increase in speed. For larger problems, the increase in speed will MMIC A&

be more pronounced. MMIC B
Index Terms—Microwave multichip modules, microwave

packaging model, MMIC CAD, MMIC coupling, MMIC sealant,

module isolation.

(b) top view
|. INTRODUCTION
O ACHIEVE the goal of virtual prototyping of microwave Fig. 1. Configuration of the MCA with block dielectric covered MMICs
(MW) and millimeter-wave (MMW) designs, many capa-

bilities must be dramatically improved in the current set of e|e€bup|ing between dielectric covered MMICs [2], [3]. However,
tronic design automation (EDA) tools. One of these capabilitiggese techniques are still quite detailed and more sophisticated
is quick and accurate simulation of a completed MW/MMWhan necessary for the MCA problem. Furthermore, MMICs
multichip assembly (MCA). The computer-aided design (CAQ} an MCA are sufficiently separated that static or near-field
technigue presented in this paper has been developed for Ca&ﬂlpling is usually negligible and oni¥M, full-wave fields
lating the coupling between the block dielectric covered mongye sjgnificant. This approximation (and others to be described)
lithic microwave integrated circuits (MMICs) in an MCA. Cov-regylts in a new algorithm that uses computational resources
erings such as this occur when a sealant is applied forprotectiggugmy equivalent to a MW circuit simulator, but orders of
As we will show, sealant coverings canincrease the coupling t?ﬁagnitude less than is used by, for example, a finite-element
tween MMICs by tens of decibels. simulator.

Fig. 1 shows the basic configuration of a hypothetical MCA |, \what follows, we describe in more detail the technique
containing two MMICs embedded in substrate 1 and covergght was originally outlined in [4], and we present new material
with a sealant of thlcknesfss. The technlqu_e described in thisshowing how the technique can be modified for use in a package
paper extends the algorithm presented in [1]. In that papgfith conducting walls. The basic idea, detailed in Section 1, is
the middle layer in Fig. 1 was constrained to be homogeneagdsconvert the inhomogeneous problem into an approximately
whereas, in this paper, the middle layer may contain sealgijuivalent homogeneous one—uwith no sealant islands. The re-
islands covering each MMIC. In principle, one could calculatgting problem can then be solved using the equivalent dipole
the effect these islands have on MMIC-to-MMIC coupling byechnique [1] and the procedure discussed in Section Ill. In Sec-
simulating the entire structure using a method of moments gpn |\, the algorithm is applied to a test case and the result com-
most likely, a finite-element simulator. For large complicateflared to detailed full-wave simulation. The modification for lat-

MMICs, this is impractical and unnecessary. Simplified NUsya|ly enclosed package is presented in Section V and verified
merical techniques have been developed for static or near-figld comparison to full-wave simulation in Section VI.
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Via €3> dard circuit simulatorL is the effective length of the component
(ps9) and represents the energy radiating performance of it. Using (1),
MMIC B L can be determined from the approximate shapd.dfor a
wide range of componentﬁ, can be computed analytically and
the results stored in a library.
When a dielectric block covers MMIC A, the radiating char-
acteristics of each circuit element are changed by a factor we
define asF'. The adjusted effective length can be written as

Le=FL. 2)

Voa Q"? ) In Fig. 2(b),Ife is the equivalent electric dipole without a di-
y, MMIC g’ electric cover that produces the same voltage on a componentin
f\f\N\;? MMIC B as the original dipold L in Fig. 2(a).
ILe, ™, Since the facto¥’ represents the change in thia1, wave at
-> (p, ¢) due to the effect of a sealant cover on an electric dipole,
(Po:ho) X we can expres$’ as

MMIC A F=W.p, )/ Valp, ¢) ©))
(b)

Fig. 2. Equivalent-current dipole produces the same voltage on MMIC B wheret). ands), are thez-directed magnetic potentlals of the

TM, waves created by a dipole &to, ¢o) with and without
MMIC A. Covering MMIC A with a dielectric block causes sealant cover. .
A structure without sealant covers has three layers: a sub-

more energy to couple from it. Therefore, larger voltages ar )
induced in MMIC B. To determine these larger voltages, an i%igte\,/vfarsz:ipna(tfeliﬁ?ééﬁg?/éf?st?sg?uprlg%.E;{e\r/;/;/\\//zsde‘l?t:)(:e the
0 - 0 .

homogeneous problem needs to be solved. We can solve netic potentiall . of theIM? waves created by an Uncov-
inhomogeneous problem by finding an equivalent uncovergif9netic p e 0 y
rve_d dipole afpo, ¢o) can be expressed as

component that induces the same voltages as the dielectric %

ered component. After replacing all the dielectric block-covered 00
components with their equivalent uncovered components, we , = Z a® H (B2 p)e™? fo(2), p>po  (4)
reduce the inhomogeneous problem to a homogeneous one. n=—oo

Fig. 2 shows the inhomogeneous-to-homogeneous simplifi-
cation. Three assumptions are made in the problem. First, sifdeeress and f.(z) are the propagation constant and vertical
MMICs A and B are widely separated, it is assumed that thelistribution function of al'Mg mode. They can be determined
Coup”ng is due On|y td:‘MO para”e'_p|ate waves. This |mp||es|n the usual manner by enforcing the boundary conditions at
that the conducting cover and ground plane are close enodiffi interfaces of the three layers. The constafitslepend on
to each other that all other parallel-plate waves are evanescét. location and orientation of the dipole under consideration.
Secondly, we assume for simplicity that the sealant cover fxpressions for them will be determined in Section II-B and
cylindrical. This is reasonable because sealant covers are Uk We normalizef, (=) such thatf,(0) = 1.
ally shaped like a block with round corners or some other quasi-YVhen a sealant cover is in place, the structure in the region
cylindrical shape. Thirdly, the sealant cover is assumed very tfth» < a has four layers [see Fig. 2(a)]. In that region, we
in comparison to total thickness of the MCA. The third assumglenote theI'M, waves in the four layers aEM; waves. The
tion allows the neglect of high-order modes excited at the edgEPPagation consta; and vertical distribution functiogfi, (=)

of a sealant cover. of aTM{ mode are then determined by the boundary condition
The detailed analysis using these simplifications is presenidhe interfaces of the four layers. We normaljzéz) such that
below. fs(0) = 1. The structure outside the region with sealant cover
still has only three layers. There, thi&/1, waves in three layers
A. Equivalent Factor for a Sealant Covered Dipole are TMg waves.

The original inhomogeneous problem is illustrated in "€ Magnetic potentials of tHeM, waves created by the

Fig. 2(a). As discussed in [1], a radiating component in MmIE&alant covered dipole gto, ¢) in the regiorp > po can be
A is approximated as an electrical dipole that has a moméntPressed as

Ii, L where N
- N \I/: — af] H’r(12) /3SP + RnHr(Il) /3sp ejnqgfs 2),
Wi o T ARG )

a>p>po (5a)

and.J(z, y) is the current density on the componehy. is the Ut = Z al T HP (B )™ fo(2), p>a. (5h)
terminal current of the component and is calculated by a stan- e
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W consists of outward and inward traveling waves with radiélsing the Wronskian of Bessel's equatioh, (z)N/ () —
dependencel?(83p) and HSV(55p), respectivelyR,, is the N, J!(z) = 2/, (9a) can be simplified to
reflection coefficient of eacl’M{,, mode at the discontinuous 4i
boundaryp = a. U} consists of 'MZ modes with radial de- 7;, = —J/ [/JSH,;(?)(/}Sa)H,(})(ﬁga)
pendence ) (8¢ p). T,, is the transmission coefficient from e ,
TM;,, wave toTM¢, wave across the boundary. — ByH, ™V (Bia)HP (B8 a)} . (9¢c)
R,, andT;,, can be determined by satisfying the boundary con- o ) o
dition atp = a. Using the analogy to wave propagation on a 10 finish evaluation of, [see (5)], the coefficients;, must
transmission line, we can address the boundary condition as Rfegdetermined. These coefficients can be simply related to a set

voltage from top to the bottom ground and the current on rels coefficientsa?,, which result when the radius of the sealant
bottom ground for eaciM,, mode are continuous at= a. COVer is extended tp = oo and radiation boundary condition
n = a.

The condition can then be written as assumed. _ _ _
The magnetic potential of theI’M{ waves in the

- d four-layer structure can then be expressed Bs =
Brdpmatz= [ BLlpmad: (62) 20 b HO (3)eine L, () where p > po. In re-
H~|7=0 =g+ =0 (6b) gionp < a, both¥, andW. have the same dipole source. If we
nelp=a nelp=a define a new field a¥,; = U, — ¥, ¥, can be expressed as
whered, = d; + d» + ds, the total thickness of the MCA. o0
E,. andH,,; are thez-directed electric intensity angtdirected Ty= > ((afl —a? ) H® (33p) + afLRnH,(LI)(ﬁSp))
magnetic intensity o'M,,, mode. They can be evaluated from n=—oo
the magnetic potentials usinl. = (3?/jwe)¥ andH, = X" fo(2), po < p<a (10)
—(0%/0p). , o
When using condition (6a), the following approximation i&nd+ is a source-free field ip < a. Therefore, the outward
used to reduce the complexity: waves must be equal to the inward waves. This means the co-
efficients of H? (33p) and H{™ (85p) in (10) are equal, i.e.,
B\?2 d, at — a’ = a¢ R,,. The relation betweea?, anda?, is then
et = <_) R T )
kO t & d7 c alr)L
o &(z) U =77 R, (11)

wheree,..q is the effective relative dielectric constant'®M,  |f we define C,, asa’C, = atT,, we can rewritel’. in the
in a radial waveguide. This approximation is reasonable whegyion ofp > « as
the conducting cover and ground plane of the MCA are close

enough to each other thia;d; < 1 with k2, = ¢,;k3 — 32 and = (2 qa -\ jné
i =1, 2, or3. Using (6) and (7), we solv&,, andT;, as Ve = _z_: n Cn ™ (B p)e’™ fal2) (12)
T, HP (B2a) — HP (B5a) and expres€,, asC,, = 15, /(1 — R,) from (11). Using the
R = H(l)(ﬁsa) (8a) expressions df;,, andR,, in (8) and (9), we have (13), shown at
R —R n"_ 0 01 9 (8b) the bottom of this page’,, is a function of only3g, 55, anda.
e oo B¢ and 3¢ are determined by the vertical layer structures with
and and without sealant layer amds the radius of the sealant cover
on a MMIC.
, L)/ ns (2)/ 15 Using (4), (12), and the large argument approximation of
H,?(B2a) H,’zl)(ﬁoa) — H,’b)(ﬁoa) Hankel function, the equivalent factdi can be written as
. B (B50)  H (Bga) _
nT ) (1) s )/ ga b nin
e H, ) (B30) H ) Hﬁm(ﬁoa)] > @O
B8 HiV(Bga) 8 Hy”(Bga) F=""% ' (14)
(9a) L
agjneln®
Tfn = "oy n = 07 17 27 MR (9b) n:z—:oo
(1) gs
C, = Hr"(f3e) (13)

Ta

37 In(030) [B3HD (330) D (550) = A HD () B (530) | ~ B (P
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I is the function of¢ and, thus,F is directional. Since the MMIC. If |3000 max| < 1, Jn(B0p0 max) Arops very quickly to
coupling system is reciprocal, we can also 5@ (14) to de- zero as: increases. Therefore, the two summations can be ac-
termine the effective length of a receiving componént.can curately evaluated by summing only the first several items, e.g.,
be calculated from (13)¢ anda’ can now be determined by Ny.x = 3.

solving for theTM, wave radiation ofz-, y-, andz-dipoles in

uniform multilayer structures of infinite lateral extent. This willC. Equivalent Factor for a Surface Current Dipole

be described in the Sections II-B and C. Any surface current on the surface of the substrate under the

sealant cover can be decomposed into the two respective compo-

nents/,L, andf,L,. To determine an equivalent-surface cur-
By solving theTM, wave created by a unitdirected dipole rent dipole, we need to find the equivalent factétsand 7.

of lengthd, in layer 1 at pg, ¢o), we obtain (see Appendix B)  As was done in the previous section, we first obtainThé,

wave created by a unit-directed dipole atpo, ¢0) on the sur-

B. Equivalent Factor For a-Directed Dipole

—wep1 3§

U, = R. (68 face of the bottom layer as follows:
ke Py sin(heydy) o (@b )] /
x H® (518 — @) cos(k2, 2) (158) W, =~ Res[Q%(A5)]
_ s 288k%, sin(k% dy)
N ws,,lﬁo Re [QS ([35)] 0841 z1
b= S 1 s S - a| = = a
2(@1(1?)@1 sin(k?, dy) TMATO X 5 [Hg” e p0|)] cos(k, 2) (18a)
x Hy™ (85|16 — 0ol) cos(k,2), 0<z<d. —wen b
W, = ’ R (B =—
(15b) T 283k, sin(ks dy) (@ (%)) x

‘ ‘ ‘ 3] - o .

1) is defined agki| )? = e,1 k3 —(3})?, wherei stands for or X 5 [HSQ) (Blp— pol)} cos(k3, 2), 0<z<d.
s. Qi is afunction of3 (see Appendix A), which contains the (18Db)
information about the layered structure. It has a polé at 3
with an associated residuBes[Q%.\ (53)]. Then use thaddition theoremto put (18) into the form of (4).

Applying theaddition theorenj6] to the Hankel function in \We obtain
(15a) and comparing the resulting expression to (4) results in an e
expression fon? as follows: a® = —rl Res [Q5\(53)]
205 k2, sin(kgydi)
a __ _(‘UETlﬁg a a a —jndo X J 3”' j(¢_¢0) _ J 3”' _j(¢_¢0)
a/n = 2(k21)3d1 Sin(kgldl) Res [QTM(/}O)] Jn(/30 po)e ) |: n+;(/0p0)6 nfl(/OpO)C :|
—o0o < n < oo (16a) XGJ ’ —00 < N < 00 (19a)
cos ¢’
In the same way, we obtain and
—Wepr1
- r 35 a/% = 3 Res z ! 38
ah = TR o[ ()] 2k, sin(kz,dy) oL@ ()
2k, >y sin(k, ) T (o) eHE—80) _ 1 (33 poye—i(6—b0)
x Jn(ﬁépo)eﬂn%, —00 < n < oo. (16h) x [ nt1(Bgpo)e — Jn—1(Bjpo)e }
e~ Iin%o
From (14) and (16), we obtain the equivalent factor of tkdi- o5 —00 <71 < oo. (19b)

rected dipole
) From (14) and (19), we obtain the equivalent factor for:aati-
_ P Res [Qan (85)] (k21)* sin(kgydi) rected dipole [see (20) at the bottom of the following page.]
38 Res [Q%\(88)] (k2,)? sin(k2 dy) In the same way, we can solg,. It turns outF, = F,.
0 Therefore, we can define an equivalent factor of any surface
CoJo(B3p0) + 2D _Crd™Jn(B3p0) cos (n(¢ — o)) current dipole as, and

z

n=1
X
> F,=F,=F,. (21)
Jo(Bp0) +2_ 5" Ju(BGpo) cos (n(¢ — o)) T
n=1 Expressions (20) and (21) show thét and I, have similar

(17)  characteristics. Firstf, varies with the location of the sur-

ce current dipole and the angle to the field point. Second, the
a/o semi-infinite summations can be accurately evaluated using
on?y the first several terms, wheflopo max| < 1.

As we can see, the first term on the right-hand side of (1
only depends on the layer structure, but the second term is
function of pg and (¢ — ¢y). Therefore F. varies with the lo-
cation of the source dipole and the angle to the field point.

In (17), two infinite summations need to be evaluated. In the
MCA, we are currently considering, the transverse extent of theFig. 3 overviews the entire algorithm we propose for the cou-
MMIC is small relative to aI'M, parallel-plate wavelength, pling between dielectric block-covered MMICs. This algorithm
i.e., Bopo max 1S SMall.2pp max IS the largest dimension of theis developed for use in conjunction with a layout-based circuit

IIl. THE ALGORITHM
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[_Tm_'l

lLayout of MCA |

| vou( |

MMIC A MMIC B
circuit dipole layer dipole circuit
analysis | | model | | structure | | model || analysis
A L dielectric L B
L blocks Z
Py A&B P,

In

scribed in [1], we calculate the induced voltage on thenth
component of MMIC B by

Vi, =Le,-[Z] - InLa (22)

wherel, Ly = [I,L, , I,Ly, I.L.]" is the macrodipole set
representing MMIC A, and.e,, is the equivalent length of the
n'th component in MMIC B[Z] is an analytical expression that
depends on the layered structure of the MCA outside the sealant
covers, the macrodipole locations, and the field points in MMIC
B. (see [1, Appendix A]).

The last step is to plug the voltage sourdésinto MMIC
B’s circuit model and then use the circuit simulator to get the

voltages at the output ports of MMIC B. Further processing can

easily calculate theS-parameters that described the coupling
between a port on MMIC A and one on MMIC B.

In Fig. 3, all the procedures outside the dotted-line frame are
done with the aid of the MDS circuit simulator. An external
program does the calculation inside the frame. Note that the
approximate current distribution on the MMIC surface is found

by the circuit simulator and not by using a full electromagnetic

Fig. 3. Flow diagram of the algorithm

(EM) analysis.

When we apply this algorithm in a CAD tool, the following

CAD software. We apply it on the HP EEsof Microwave Design
System (MDS}

The algorithm starts from the layout of the MCA assuming,
e.g., two MMICs. First, the schematics of MMIC A and B are
extracted from the layout. We excite the ports of MMIC A using
the circuit simulation and obtain the input curreftsfor each
of its components (spiral inductors, MIM capacitors, stubs, etc.).

An equivalent length is associated with every component and
stored in the simulator component library. The necessary library
expressions can be determined analytically for most compo-
nents. In Fig. 3,L,, and L,, represent the equivalent lengths
of componentrn in MMIC A and component. in MMIC B,
andﬁm andﬁn represent the locations of the components. The
layer structure of the MCA and dielectric blocks on MMIC A
and B are also known. The equivalent uncovered dipole lengths
Le,, and Le,, are then evaluated with the simplification tech-
nigue described in the previous section.

By summingImEem over allm, thez-, y-, andz-directed
macrodipoleg I, L,, I,L,, andl.L.) representing MMIC A
are determined. Usin@nl and the procedure in [1], we deter-
mine P,, P,, andP., the locations of the macrodipoles. As de-

IHewlett-Packard Company, Santa Rosa, CA.

are a few practical problems that need to be considered.

* We assume the sealant cover is circular. However, as we
mentioned before, the real cover may be shaped like a
square with round corners or some other quasi-circular

shape. Therefore, we have to find a satisfactory circular

cover to represent the real one. We choose this circle to
be the average of the largest circumcircle and smallest in-

scribed circle, i.e., it is centered right between the centers

of these two circles and has the average radius of these two
radii.

« As we discussed previously, an equivalent fadtofF,

or I;,) for a dipole in MMIC A varies with the angle to
the location of each component of MMIC B. If the sealant
covers on MMIC A and B are centeredadt, andp,. g with
radii of 4 andrg, respectively, these angles are within
the range Of/)cB + ¢max B Where¢cB = Z(ﬁcB - ﬁcA)
and ¢max 5 = sin *(r5/|Fen — Feal). Pmax B IS USU-
ally small since we assume MMIC A and B are widely
separated and their size are relatively smaliJf.. 5 is
small enough, i.e.¢max 5 < 10°, we can approximate
the detail angleb as¢.g in both (17) and (20) when de-
termining the equivalent factor for block-covered dipole
in MMIC A. This approximation will greatly reduce the

Fo— Res [foM (/38)] kg, sin(kZ dy)

CoJ1(Bp0) cos(¢d — ¢o)+

Res [QaTM (/33)] k2, sin(k, dl) J1 (/38p0) cos (¢ — o)+

chz [ut1(B3p0) 05 ((n + 1)@ — o)) — T (Bipo) cos ((n — 1)( = o)) |

ZJ [Jn+1(B500) cos ((n + 1)@ = o) -

(20)
Jnes(Bpo) <o ((n = 1)(¢ — $0))]
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sealant cover (Ul rill

Erel: 4 .0000000

Loss Tan: 0.,0000000
Level Thickness Erel Loss Tan
mm

0.70000 12.0000 10.0000
0.106000 1.06000 0.00000
0.10060 12.9000 0.00000

Fig. 4. emset up for analysis of coupling between two-port stub/thru-line circuit under dielectric block covers.

calculation time without sacrificing too much accuracy 45
When evaluating the equivalent factor for a block-covere
receiving component in MMIC B, similar approximation
can be made, i.e., replacing the angle to the dipole wit
the angle to the center of MMIC A.

IV. COMPARISON TONUMERICAL SIMULATION —ANECHOIC
ENCLOSURE

1S42l{dB)

PR
-
e
e’
.-
-

— dipole approximation
== ==om simulation
----- em {no sealant cover)

In order to assess the accuracy of this algorithm, we ha
compared the result of our algorithm to the one obtained from -70
full-wave analysis using Sonnet Softwares)?2 a method-of-
moments simulator. Sonnet’s Dielectric Bricks capability al 0 p 2 2 e
lows structures with dielectric inhomogeneities to be analyze F(GHz)

We utilize this feature to simulate the coupling between two very

simple test circuits with dielectric covers. However, it is veryig. 5. S-parameter magnitude of the coupling between ports 2 and 4 of
CPU time and memory intensive. the circuit illustrated in Fig. 4. The dashed thin line shows coupling without

. . L dielectric covers.
We have chosen two two-port microstrip stub circuits for our

verification tests. Fig. 4 shows the configuration of these two

circuits in theem simulator. Each circuit consists of a stub ircircuits—increasing the coupling by 20 dB at low frequencies.
shunt with a through line that has a via connection on each e@dr algorithm correctly predicts this increase.

to ports in the ground plane. All microstrips are 0.2-mm wide. Our algorithm used in conjunction with MDS simulates 200
The circuits are each covered by a chamfered square dielectréguency points between 10-30 GHz in 10 s. Sonrestise-
block withe,. = 4 and the same thickness as the middle layer ghiires aboti7 h to finish 40 frequency points simulation. In this
the three package layers. All other dimensions can be inferrexample, the algorithm uses three orders of magnitude less time
from this figure. In this test case, the loss tangent of the top laytBan the full-wave EM simulator.

is chosen to be ten so that the parallel-plate wave launched by

the circuits is damped to a negligible level by the time it reflects V. MoDIFIED ALGORITHM FOR FINITE-SIZE ENCLOSURES

from one of the simulator’s sidewalls. Hence, we do not haveto , . . . .
. A similar approach is developed for an enclosure with per-
consider resonances or other wall effects.

Fig. 5 compare$Sy,| computed using our algorithm to thefectly conducting sidewalls by using the method of images. In
9. > comp 42 P g our aig Jhis procedure, the MCA bounded by perfectly conducting walls
emsimulation ofthe same structure. The difference between i*Feplaced by an MCA of infinite lateral extent plus an infinite
two results is less than 1.5 dB in the&50 to—60-dB range. The P y P

third curve in the figure is themsimulation result for the sameSet of image sources [1], [5]. The field at a particular point can

T ) . . then be determined by summing the fields contributed by each
two circuits without dielectric covers. It shows that the dielectric . S . . :

o ; member of this set—an infinite set of dielectric covered dipoles.
covers have a significant effect on the coupling between the t

YRis approach allows the analysis developed in the preceding
2emis a trademark of SONNET Inc., Liverpool, NY. sections to be used in a straightforward manner. In MCAs that

iad
e’
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y and
k=0,1,2 3. (23)

The effect of the complete set of images is achieved by calcu-
lating the induced voltage on receiving comporiethtat results
from summing the contributions from dipoles with location in-
dexesm, n over the range-oc < m, n < oo andk over the
rangek = 0, 1, 2, 3. This can be done by following the proce-
dure described in Section ll.

In the procedure, the equivalent factgy*™* for each dielec-
tric block-covered dipole in MMIC A will be evaluated using
(17) or (20). The parametepsg, ¢9, andg used in the equations
for ™% are

W > X
’ po =7 =PI = | = s
0 = Z(ﬁ:lnk - ﬁ:;nk) = é(ﬁa - p_’cA)
0= (fon = FEA™)- (24)

Fig. 6. Schematic drawing of an enclosed dielectric block-covered dipole lin (24), pen I_S used t(_) repla‘?‘f"‘b Whe_n de'_[ermlnmg/). The
MMIC A and a few of the infinite set of image dielectric block-covered dipolesi€ason for this approximation is explained in Section Ill. Equa-
tion (24) shows that the angle— ¢, can be any value between

h d g | th ber of | —180°—180. However, since — ¢ is used with a cosine func-
ave a damping fayer, thé number ot Images necessary Car}igﬁ in (17) and (20), the factor only must be evaluated between

truncated to a reasonable level. If necessary, the double SumE@TSO’ Also, in practice, it is only necessary to evaluate the
tion of images fields can be converted to a very computationa tor once for any fixed intervale, e.g. 15. If we chooseAy

efficient form [5]. to be 15, only 12 equivalent factors are need to fully evaluate

When radiating currents are covered with blocks of dielectri e a set of equivalent factors for the dielectric block-covered
each image current must be also be covered with dielectric. Bole a and its images

|n_f|n|tely extended MC.A consists of an |nf|n_|te set of d!e'e‘?' A set of equivalent factors is also needed for each component
tric blocks, each covering several radiating dipoles. To simpli MMIC B, one factor for each radiating dipole and one for

the analysis of such a structure, each block-covered dipole is &ch of its images. The parametgisoande used in the (17)

placed by an equivalent uncovered dipole as determined by e(20) for F™"* are then
process described in earlier sections. Normally a wave excited b

from a dipole would scatter from a number of dielectric blocks _ | S

as it travels through the extended MCA. Since in our algorithm o= pbﬁ pcf

all the block-covered dipoles are replaced by uncovered dipoles, bo ="/ (pb - PcB)

we have neglected this scattering. p=1 (p*gjg"’“ — ﬁcB). (25)

To show how the image technique is applied, consider a
radiating dipolel, L, at g, and a receiving component with Once these equivalent factors are evaluated, the induced
effective lengthL, at 5, in Fig. 6. Each of them is covered by avoltage source on receiving componéntiue to each dipole
circular dielectric block centered at, andg.z, respectively. can be calculated. Summing all the voltage sources together,
Using method of images, we first create an infinite set o¥e obtain the total induced voltage source on compoment
dipoles located g8"* and covered by sealant covers centeredlie to the radiating dipolesin the bounded MCA. If both the
at g% in an infinite extended MCA. If we presei#, and radiating dipolea and receiving componertt are z-directed,
Pea 8S(Tq, Ya) @Nd(x.4, yea), respectivelys™* andgmm*  the expression for the induced voltage sourgeis

can be expressed as
[e9) [e9) 3
Vo= XY S Rz (A i)

Z.» and SX are replaced by, andSY = [1, 1, -1, —1],
2mwy — Ta, 20wy — ya) respectively. For a-directed primary dipoleZ,,. andSX are
2wy, — Tea, 200y — Yoa) replaced byZ,.. andSZ = [1, —1, —1, 1], respectively.

S>mn3

Pa

—>mn3

PcA

p—zn,nO — (2mwm + Zaq, 2nwy + ya) n=—oo m=—o0 k=0
ﬁ:xgno = (Qmwac + LA, 2nwy + ycA) 'IaLaF;nnkSX(k) (26)
P = (2maws + 2o, 20y = yo) where Z,.,. is one of the elements if¥] and SX (k) takes on
pmnt = (2mwm + Tea, 2nwy, — ycA) valuesSX = [1, —1, 1, —1]. The value ofS X (k) depends on
FIm2 = (2mav, — 4, 2010, + Ua) whether the partic_ular image dipole is_ in the same, or ppposite,
Frm? — (2mwx  en, 20w, + ycA) direction as the primary dipole. Foradirected primary dipole,

(

(
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magnitude less CPU time than the rigorous simulator for these
test circuits. For typically sized MMICs, with hundreds of com-
ponents in each MMIC, a full method-of-moments simulation

- dipole approximation
= ==« em simulation

would be impractical, and approximate calculations such as we
g ¥ describe are the only reasonable alternative. Applying the tech-
?;; 50 nigue to such an application will have to await the development
@ of an interface to layout-based CAD.

APPENDIX A
€5 Q% AND Q7 FORMULA
.70 L 1 L
10 15 20 25 30
F(GHz)
@ 1
Fig. 7. Coupling between two sealant covered two-port circuits in an 8&mm QTM = ) n (A1)
8 mm box with a damping layer having a loss tangent of 0.1. YL + YR
vV = v cot(kaady) (A2)
VI. COMPARISON TONUMERICAL SIMULATION —FINITE-SIZE Y}g?’) = _jYT(i% cot(k.3ds) (A3)
ENCLOSURE 3 (2
. o . ve _y® Y +5Y8) tan(k.ady) (Ad)
Coupling between two test circuits with sealant covers in a R—7TM v +jY(3) tan(k.2dz)
moderate) enclosure is computed using the full-wave anal- AT -
ysis packageem with Sonnet’s Dielectric Bricks feature and YT(})q = k” 9 i=1,2,3
using the modified algorithm described above. The loss tan- ) “7720 )
gent of the damping layer is 0.1. The box size ix&8 mm. ki = eviky = Bo
The two circuits are identically the same as the one in Fig. 4 Qg = 1 (A5)
with two ports marked 1 and 2, except that the thickness of the YL(I) +Y3
sealant cover is only half of the thickness of the middle layer. v® Ly @
v tan (k.o(do — ds
The centers of each sealant cover are separated from each other Y\ =v,2) 1?2) i J. T(g n (kaa(ds — d.)) (A6)
by 5 mm. Fig. 7 show$5s.| determined from a full-wave sim- Yoy +3Yg” tan (ko(de — ds)
ulation and from.our modified dlpole approximation algorithm. v ) Y}g") + jYT(i)1 tan(k.,d, ) A7
Note the greatly increased coupling that occurs at the resonance ROTATMYG) | oyle) oo (A7)
frequencies introduced by the box. The result shows the good vtV tan(kds)
agreement between the two methods. However, the resonance YT(;\)I — E"Skf)? K2 = e, k3 — 2.
frequencies predicted by the two methods are a little different. k=sm0 .
This is because we neglect the effect of the sealant cover on the
box resonance in our algorithm. A wave travels slower through
the region with a dielectric block than in other areas. Since we APPENDIX B
neglect the existence of the sealant islands on the pattvgf DERIVATION OF EQUATIONS (15) AND (18)
wave travel, the resonant frequencies predicted by our algorith .
is slightly higher. As long as the permittivity of dielectric block nbtartmg from [1, egs. (A5) and (A9)]
is low and/or its thickness is much thinner than the free-space 4 5
layer, the resonant frequency will not change significantly. - —JPo Re 3 -Z H® (8al5 — 7
The total calculation time of our algorithm with the aid of E2K2 2 5@ (fo)] oz 0 (Fol2 — 20])
MDS is about a couple of minutes, which is at least two orders (B1)
of magnitude faster thaamrun on an HP-715 workstation. —ji33 - o
Zee = 38 Res[Qeai(o)] B (Mol - dl)  (B2)
z1"1
VII. CONCLUSION
. . , ~where
An algorithm has been described for computing the coupling
between dielectric-covered MMICs in a multichip module. This
algorithm is modified by comparison to the algorithm in [1] by 7 = -1 /d1 dz E.(p, 7) LI (B3)
including the effect that the dielectric cover has on the radiation T d 0 PR 2

of the MMIC. The assumption used in modifying the algorithm

in [1] are that: 1) the sealant cover is shaped like a circular andj can be eithes or z. (In [1] two typographical errors were

guasi-circular and 2) the sealant cover is thin. made: 1) an additional; should appear in the denominator of
We have verified the algorithm by comparing its predictionfd, egs. (A5) and (A6)] and 2) thé in the denominator of (B3)

to those of a numerically rigorous method-of-moments simulabove was omitted.) In the following, we assume a unit strength

tions for several test cases. The new algorithm uses orderselactric dipole {7 = 1).
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Since E. =
¥ x cos(k.12) for 0 < z < dy, then

(8%/jwe)¥ and since we know that

_[32 /-d1 a
Z.i=—"2- dz¥(p, »
J jCUEldl o (p )
_ —/33 \I/(p, Z) Sin(/ﬂzldl) (B4) .
jw€1d1 COS(/%‘Z;LZ) kzl ) m
Rearranging (B4) results in
U(p, z) = —Jwerkady Z; cos(k 12). (B5)

Whenj = z, and (B2) is inserted in (B5), (15) results. Whermos circuit design.

o ﬁg Sill(kzldl)
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4 =z, and (B1) is inserted in (B5), (18) results.
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