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Wall Images to C~ompute Package

Effects in MoM Analysis of MIMIC Circuits
Robert TV. Jackson, Senior Member, IEEE

Abstract— A novel formulation is presented for the method

of moments solution of shielded, enclosed microstrip MMIC

circuits. The technique involves first computing a circuit’s mutual

impedance characteristics with no lateral enclosure and then

adding a correcting term resulting from the images introduced by
lateral side walls. The method is especially useful for determining
the impact of low Q package resonances in very large packages.
Large lateral enclosure size does not degrade the efficiency of
this technique. The importance of the TMo parallel plate mode
in MMIC circuit coupling is emphasized.

I. INTRODUCTION

F ULL WAVE analysis of planar microstrip circuits has

been used for over a decade now [1]–[9] and recent

progress has been such that several commercial products

are available for fully electromagnetic modeling of relatively

simple microstrip structures. The MMIC designer who uses

such simulators normally performs an electromagnetic analysis

on a small circuit component, a T junction for example,

and determines it N-port circuit parameters. These are then

entered into a standard circuit analysis package which can

analyze the behavior of the over-all MMIC circuit, an amplifier

for example. Most electromagnetic simulators surround their

analysis space with a perfectly conducting theoretical box [7],

[10]–[14]. For reasons of numerical efficiency, this analysis

enclosure is normally much smaller than the enclosure that

will house the final circuit or circuits. This can make the

results of the electromagnetic analysis difficult to interpret, as

resonances and proximity effects which occur in one enclosure

may be different in the other. The influence of the enclosure

and au analysis technique which can include or remove the

enclosure’s effect are the subjects of this paper.

The future trend toward higher frequencies and higher

integration levels is likely to make the aforementioned parti-

tioning process of MMIC design more difficult to implement.

Designers are likely to increase the size of the portion of an

MMIC to be simulated so as to include coupling from as many

different sources as possible. This will require the use of an

electrically large analysis enclosure which will be subject to

enclosure resonances. Such resonances have a very significant

effect on circuit simulations [14], [15]. It will therefore be

difficult to have any faith that the simulated N-Port parameters

of the circuit portion will accurately predict he behavior in an
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operating package with a different set of resonances. Clearly,

such difficulties must be minimized by insuring that both

the analysis enclosure and the operating enclosure be low Q

and have only highly damped resonances [16]. Lowering the

Q dramatically reduces resonance influence, but even highly

damped resonances can have subtle effects and it is difficult to

know when these effects are sufficiently eliminated. In some

cases the effect of high Q resonances in the physical package

can be modeled using circuit models developed by Jansen [17],

[18] and by Burke [1!2]. Both models become complicated for

a large detailed structures and when a number of resonances

occur in a bandwidth. Thus they will have limited applicability

to the low Q, many resonance enclosure which is likely to be

of interest in the future.

In this paper, we present a new method of applying the spec-

tral domain moment method to enclosed microstrip circuits.

The mutual coupling between current elements on a circuit

are first calculated as though the circuit were not laterally

enclosed. A correction is then added representing the effect

of the image currents which are introduced by the lateral

enclosure. The first calculation involves a relatively lengthy

spectral integration which results in impedances that are slowly

varying with respect to frequency and thus can be interpolated

using only a few evaluations in a band. The second calculation,

the correction term, must be evaluated at many frequencies in

a band depending on the number of enclosure resonances and

their Q. It is however very easy to calculate. The total method

of moments matrix is formed by summing the two calculations.

The numerical advantages to this method are similar to the

advantages of the Spectral Operator Expansion [20]. However,

the method we describe here is completely different. It has the

advantage of being able to add or remove the correction term

in order to see the sidewall effects. It is also very intuitive. Its

simplicity is based on the dominant effect that the TM. parallel

plate mode has on enelosure coupling. It remains efficient for

enclosures with high or low Q having any lateral size, but it
is limited to structures with a top cover.

In all of what follclws, a configuration similar to Fig. 1 is

being discussed. The structure consists of a perfectly conduct-

ing ground plane, a dielectric layer supporting the microstrip

circuit, a free space layer, a lossy cover substrate, and a

perfectly conducting top cover. The purpose of the lossy

cover is to lower the enclosure Q. A doped silicon cover

substrate is assumed since it is inexpensive, plentiful, and

well characterized.

In Section II, the mutual impedance between laterally unen-

closed, not too closely spaced currents is written analytically
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Fig. 1. Layered structure in the interior of an MMIC enclosure. Cover

substrate acts to damp enclosure resonances.

based on the TMO parallel plate wave. In Section 111,we de-

scribe the use of images to determine the enclosure correction.

Modifications to the analysis for circuit pieces located close

to or on a sidewall are discussed in Section IV. A concluding

discussion is presented in Section V.

II. MUTUAL IIViPEDANCE BASED ON A PARALLEL PLATE WAVE

A fundamental part of the moment method analysis

of microstrip circuits involves computation of the mutual

impedance between two surface currents. A representative

mutual impedance between two z directed currents is for

example,

Hq=- r-h dy Jzi(z, y)[Ez(z, y)]j (la)

=— 1/a dy J.i(z, y)

“udx’ c@’Gm(z, ~’,y,y’) ~zj(x’,?/) (lb)

with the Green’s ftinction, G.., can be written in terms of

TM, and TEZ parts according to,

6’2
Gzz(z, x’, y, 7J’)= ~GTM(X, I+,y,/)

6’2
+ —GTE(z, z+,y,/)~yz

G.g(z, Z’, y,y’) = +$

(2a)

. [GTM(z,z’, y, y‘) - GTE(z, d, y,/)]
(2b)

Gzv is included for completeness. GYY and G~Y can bd

obtained by interchanging the z and y derivatives. For an open

structure the TM or TE Green’s functions, GTM and GTE, cti
be expressed in spectral form as

2 = k: + k;. QTv (~) is listed inwhere V is M or E,/?
Appendix I and is derived along the lines of reference [21]. The

impedance described by (1) includes all sources of couplin,g

between the ith ad jth currents. For an open structure, these

sources may include reactive fields, radiation, and surface

waves. In the covered structures discussed in this paper the

only soiwces of coupling are reactive fields and the TM.

parallel plate wave. Although expression (3) is written as

though no sidewalls are present (kz, kg continuous), in the

next section it will also be used to derive the effects of side

walls.

In many cases of interest it is desirable to have the mutual

impedance between two current elements tliat are not ve~y

closely spaced. It then becomes convenient to rewrite (3) in

terms of sums of TM and TE parallel plate waves as derived in

wliat follows. Changing the integral in (3) to polar form yieldk

where pz = IX – X’12 + Iy – y’12. QTM and QT~ have sets [)f

poles which correspond to the TM and TE parallel plate modle

propagation constants.

Such poles are determined from

Yj@:M) = o; n = 0,1,2,3 . . . (5a)

YE(p:E) = o; n=l,2,3 . . . (5b)

where YM and YE are defined in Appendix I. By closing a

contour integration around the lower half of the complex @

plane, (4) becomes

GTv(p) = –j ~ Res[@v(f?~v)]~$2) (@3vp)/’2B3v(6)
n

where Res [Q (~m)] denotes the residue of Q at /3n. Thus the

z directed electric field due to an z directed surface current

at z = d is, according to (2a),

Ez(x,Y)=~~&

n

. ReS[QTM(~:”)]R;TM (~,!/)
& w –j

+@ x—~=1 2p7

. RW[f&E(B$E)]R~TE(x, Y) (7a)

where

co

~gTV =—
J

dx’ dy’ ~z(X’, y’)@2) (~;v l& ~’ 1) (7b)

—m

and IF – ~i] = ([x – X’]2 + [y – y’]2)1/2 with the ji,,6’

dependence explicitly noted.

In the MMIC environment with layering such as is shown

in Fig. 1, usually only the lowest order ptiallel plate mode,

the TMO mode, is propagating while all the other modes axe
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Fig. 2. Mutual impedance calculated usingtheTMOmodeonly comparedto
mutual impedancecalculatedusing the full spectrum.The substrateis 0.125
mm GaAsand the operatingfrequencyis 60 GHz. The current elements are
rooftop functions 0.125 mm wide and 0.250 mm long.

evanescent. Since HO (/3~vp) M exp(–j~~vp)/~ for large

p and since all ~$v except ,@M are primarily imaginary, all

R~TM and R~TE decay to zero for large p except for R~TM.
Thus, for relatively large p, only the TM. term in (7) is

important and

For smaller p the reactive fields of the evanescent modes are

important and more terms in (7) must be included.

Expression (8) can be used to evaluate (1) in cases where

the ith and jth currents are well separated. [15], [22]. It

is generally the case that the subsectional basis functions

(and even groups of basis functions) used in moment method

solutions are small enough that AZ,8~M << 1 where Ax is

the scale length of the basis function. As a result (1) can be

written:

82 (2) TM _’. – ;jl)(C7ZZ)(JX~)
. #% (P. 1A (9)

z

where (~~~) = ~~dz dy ~.. (x, g) and ~k locates the center of

the kth current.

Fig. 2 shows mutual impedance versus separation for two
rooftop currents in a representative MMIC environment. The

approximation expression (9) is compared to the exact cal-

culation computed from the full spectral integration in (3).

In addition to (9) we have also approximated H$2) (x) s

(2j/x7r)l/2 exp(–jx). For separations greater than 2 mm the

curves are identical. We conclude that (1) the coupling between

even not very distant currents is principally due to the TMO

parallel plate wave and (2) this coupling does not depend upon

the fine details of the currents, only on average quantities

so long as the currents are much smaller in extent than a

parallel plate wavelength. We will make use of this simplified

expression in the next sections.

Fig. 3. Schematic drawing of an enclosed current and a few of the infinite
set of image currents.

III. PACKAGE E~CTS IN TERMS OF SIDE WALL IMAGES

In what follows, we show that the method of moments

mutual impedance between two currents in an enclosure can

be calculated by first calculating the mutual impedance in a

laterally open structure and then adding a modifying term

which includes the effect of the enclosure side walls. The

modifying term is easily computed and makes use of the

approximation described in the last section.

Fig. 3 shows a top view of Fig. 1 with a primary source

current and the infinite set of images introduced when perfectly

conducting side walls are located at x = W1 and W3 and at

y = W2 and W4. The electric field at a point can be divickl
into two parts:

Ez(z, y) = E:i(Lz, y) + ~:mg(~, Y)

The first part is the field resulting from the primary source

current in a laterally open structure and the other results

from the infinite set of image sources which occur due to the

presence of side walls. The field point is often close to or on the

primary source current, thus an accurate computation of 13.&i

will require all the reactive terms in (6) (or (4)). In most cases

however, the image sources are far enough from the field point

that only the TM. mode radiating from each image has any

significant contribution to 13jmg. This field component is thus

simpler to compute. The simplicity is helpful since the image

contribution carries much of the frequency dependence of E=
and often must be computed at many points in the bandwidth

of interest. An efficient way of combining the effect of the

infinite set of image sources will now be discussed.

The total current, consisting of the primary and image

currents, can be written as

Jz(%, y) = f’($) 9’(Y) (ha)
m

f’(x) = ~ [j-(x - 2na) + f(2wl - x + 2na)]
?2.-CU

(llb)
co

9’(Y) = ~ [9(Y – Zmb) – 9(2W4 – y + 2rnb)]
WJ.-W

(llC)

where the functional dependence of a primary current is just

~(x) 9(Y), a = W1 – W3, and b = WA – Wz. The field at
a point within the package, in principle, can be evaluated by

inserting (11) into (7b) and then (7a).
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The image currents alone can be written as

p’= f’(x) g’(y) - f(w) g(g) (12)

Assume the jth primary current is specified by .fj (z) gj (y) and

is non-zero only in a vicinity centered around the point (zj, yj)

located inside the enclosure. The images of this current are

all located outside the package, in most cases relatively far

from the interior field point (z, y). Thus, for evaluating the

contribution of image currents to the interior E field, only the

n = O term of (7a) is important. Furthermore, if the images of

the jth primary current are located at (z., yp), then the image

portion of R~TM can be written

—03

where the polarity of the image contribution is controlled by

SP = *1 which in turn depends upon yp for the z directed

current under consideration. If j’j and gj are non-zero in a

small range Ap around (xj, yj) such that Ap/3~M << 1,

then (x’, y’) in the Hankel function argument of (13a) can be

approximated by (z~, YD) and (13b) results. We define (J~j )

as in equation (9). Note that the effect of the images only

depends upon the average value of the current element.

If the double sum in (13b) were to be evaluated numerically

by directly summing over a and 13, an enornous number

of terms need to be taken before the result converges. In

Appendix II it is shown that ( 13b) can be rewritten in a form

which can be very efficiently evaluated.

From (8) and (13b) the interior field resulting from all the

images of the jth current is,

where it is understood that the R tarn is evaluated as

described in Appendix II.

In calculating the mutual impedance between the ith and

jth currents within a package, it is convenient to split the

computation into two parts

where

Z:i = –
!/

dx dy f~(X) g~(y)

“Ddx’ dy’ fj (z’) gj (y’)Gmz (15C)

and again it should be noted that a more explicit, computa-

tionally efficient expression for the double summation in (15d)

is described in Appendix II. The mutual impedance between

the primary currents, Zl~, is calculated by inserting (2a) and

(3) into (15c) exactly as if the currents were located in a

laterally open structure. When the currents are located close to

one another a spectral integration is necessary. Z~’ is slowly

varying with respect to frequency and thus its value over a

broad range of frequencies can be evaluated by computing

only a few points in a band and then interpolating to evaluate

it at all other frequencies. In addition, 2,$ depends only on

the relative location of i, j and this leads to a number of

useful redundancies when a uniform grid is used. The image

contribution, Z~~ does not depend upon the details of the ith
or jth current element, only on their average values. It can

be calculated very quickly, but is very frequency dependent

especially if the enclosure is large, has many resonances, and

is high Q. It should be noted that for a lossless enclosure, the

real part of the self terms in (15a) is zero. Thus a check case

is that real self impedance in (15c) is the negative of the real

self impedance in ( 15d) for a lossless enclosure.

IV. PACKAGE EFFECT RESULTS

In order to investigate enclosure effects and the accuracy of

the TM. approximation, a microstrip dipole MMIC circuit is

analyzed. This dipole exists on the surface of a GaAs subsw~ate

and has a full wavelength resonance near 56 GHz. Referring to

Fig. 1 the layer structure is dl = 0.1 mm, d2 = 0.3 mm, do =

0.1 mm, q.l = 12.7,6,2 = 1.0, and G3 = 12(1 – j). ‘[le

dipole is 1.55 mm long and 0.2 mm wide. It is excited by an

ideal gap generator located at the dipole’s center. The mormmt

method is applied by expanding the dipole current in terms of

eleven x directed rooftop basis functions.

Fig. 4 shows a plot of the real part of the impedance seen

by the gap generator versus frequency. When no side walls

are present only one peak, at the dipole resonance, is evident.

It turns out that the non-infinite Q of the dipole resonance is

primarily due to radiation of TM. parallel plate wave energy

and not the presence of jhe lossy cover substrate (making the

cover layer lossless has little effect). For the no side wall

analysis, only the moment method impedance matrix elemtmts

of ZPri (as defined in (15c)) are necessary and these are

calculated using the conventional full spectral integration in

(3) (see also [9]). The impedances were calculated at cmly
three frequencies and interpolation was used to determine their

values at the other 80 frequencies in the band.

If the dipole is centered at x, y = O and lateral side wails

are introduced at WI = 3.77 mm, W2 = –2.70 mm, W:] =

76.23 mm and W4 = 3.30 mm, Z
img is no longer zero. lt

must be calculated at each of the 80 frequencies shown in the
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Fig.4. Frequency response oftiered pafioftie input impedance (inotis)
of a dipole in a layered medium with (a) no sidewalls, (b) lateral enclosure

effects calculated using the TMO approximation, and (c) lateral enclosure

effects calculated using the full spectrum.

figure-a quick calculation. Adding Zimg to Z?ri and solving
dl =

for the current leads to the impedance seen by the gap gener- w’1 =
ator with the dipole fully enciosed. Fig. 4 shows ~h~s~esult. ‘

Note that the apparent Q of the dipole resonance increases

when side walls are added and that package resonances at 60,

61, and 61.7 GHz are introduced. If a lossy cover substrate

were not present in the enclosure, all of these resonances

would generate infinities in this plot. Fig. 4 also shows

the enclosed dipole impedance computed using completely

different software based on a conventional moment solution

[14] where a long spectral summation is usually necessary at

each frequency. The curves are almost identical, thus showing

YL
.;f\: - TMO mode onlyj ; .. ..........

: conventional
103 i :~, - 1~~—

‘,,;’ ,
I

~ ,’ ‘. I
&.lo* ,’;

‘.. 0.$ cm
‘.\

2 ..
~. IEl —-..‘.. s,.‘...

10’ .-. ..-.. .
J

100 I
56 58 ‘ 60 62

F(GHz)

Dipole resistance for a dipole 0.5 mm from side wall. A conventional

calculation is compared to the TMO approximation.

TABLE I

CONVERGENCEOF THE REW PART OF Zin AT 60 GHz FOR

INCREASING COVER HEIGHTS AND INCREASING NUMBER OF

IMAGE COUPLtNG MODES . ENCLOSUREPARAMETERSARE:
O.lmm, d3 = O.lmm, e.l = 12.7, c,2 = 1.0, 6,3 = 12(1 –j),
3.77mm, Wz = –0.6mm, W3 = –6.23mm and WA = 5.4mm

0.8mrn 1.3rnm 1.8mm
modes

44.89 1’:122 0.4204

TM(),TE1 44.97 2.831 10.16

TMO,TEl, 44.97 2.842 9.892

TMl

TMO,TEl, 44.97 2.848 9.942

TM1,TE2

the accuracy of the TM. approximation.

In Fig. 5 both the approximate and conventional solutions

are plotted when the dipole edge is within 0.5 mm of wall

2 (Wl = 3.78mm, Wz = –0.6mm, W3 = –6.23mm and

W4 = 5.4 mm). The two curves are in good agreement even

though the near image in wall 2 is only 1 mm away. If

the dipole is moved to within 0.2 mm of wall 1 (W1 =

0.975 mm, W2 = –2.700mm, W3 = –9.025mm and Wq =

3.300 mm), the agreement is similarly good. Again this shows

that the TMO mode alone is the most important coupling

mechanism for this cover height.

Table I shows the effect that increasing the cover height

can have. All the parameters are the same as in Fig. 5 except

that d2 is increased by various amounts. For each of three
different values of dz, Zimg is calculated using increasing

numbers of ~yallel plate modes. Zimg and Zr’ri are then

combined and used to calculate the input resistance seen by the

gap generator. This resistance k tabulated. For a cover height

of 1 mm (d2 = 0.8), only the TMO mode is necessa~ and

additional modes have very little effect. As the cover height

increases the TE1 mode becomes less cut off and as a result

the dipole feels the effect of the dipole image reactive fields.

For a cover height of 1.8 mm, the TE1 is close to turning

on and has an important effect on the calculation. Thus one

can always check the accuracy of the TMO approximations

by adding TE1, TMI j. . . corrections to the mutual impedance

expressions and looking for any change in the result. This

is easy to do codewise and is an important quality of this

approach. Note again that the dipole is very close to the side

wall. In most cases the circuit under consideration is not so

near a wall and only the TMO correction is necesszuy.

Finally, consider the dipole located in a large package

with dimensions 1.2 cm by 2.0 cm (Wl = 6.78 mm, W2 =

–5.5mm, W3 = –13.2mm and W4 = 6.5mm) and with all

other parameters the same as those used for the results in the

previous calculations except that d2 = 0.5 mm. Fig. 6 shows

the real part of the dipole impedance as the Q of the package

is reduced by increasing the loss tangent of the cover substrate.

For comparison, the laterally unenclosed dipole resistance is

also plotted. When the loss tangent of the cover substrate is 1

and 10, the Q of the cavity is about 60 and 15 respectively for

the 8 resonances that occur in this bandwidth. The figure shows

that the response of the dipole approaches the unenclosed

response for the lower Q case, but still differs. Since this

difference depends upon the dipole’s location in the package,

it is undesirable (The curve labeled “open” in Fig. 6 does

not change substantially as the cover substrate loss tangent

is varied.). It turns out that a further increase in the cover

substrate loss tangent does not result in a further reduction in

enclosure Q. In fact, the Q starts to increase since the cover

layer starts to look like a conductor. Thus for a package of

this size with these substrate dimensions and permittivities,
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Fig. 7. Schematic of exprmsion currents and areuresentative image current

near, and on, a sidewall.’

Fig.6. Dipole resistmce inalage enclosure. Lowefing enclosure Qcauses

the response to approach the response in the laterally open case.

the package resonances always affect the circuit behavior.

Doubling the enclosure dimensions however will result in a

curve which is identical to the unenclosed dipole curve for

the loss tangent of 10. Also, decreasing dz will reduce Q and

improve agreement. The point here is that it is not always

completely obvious what to do in order to reduce resonance

effects or whether they have been eliminated sufficiently for

a particular application. Further discussion can be found in

reference [16].

V. CIRCUITS OR SOURCES LOCATED ON OR NEAR A SIDEWALL

The concept described in the previous section separates the

circuit from its enclosure in as far as calculating the moment

method matrix is concerned. It works very well for covered

circuits located in the interior of the package, not too near a

side wall. This is the situation for most of the circuitry on

a large integrated circuit. However, if a gap generator on a

side wall is to be used to excite a circuit, a modification in

procedure must be made before the enclosure and the circuit

can be separated. This is due to the fact that the generator

excites feed line currents that are on or near one side wall.

Thtts the nearest image in the side wall is close enough that

all the image reactive fields contribute to the field evaluated at

a near interior point. The higher order images in the near side

wall and all the images in the other three side walls are still far

enough away so that only the TMo wave communicates their

contribution. Calculating the mutual impedance between two

laterally enclosed near wall currents is again viewed as testing

the field due to a primary current source and all of its image

sources. Again, these sources are divided into two groups, but

the division is different than in the previous section.

The first group consists of the primary current and its near

image. Their contribution to the field at the testing point is

calculated first. The full spectrum involving (l), (2) and (3)
is used in this calculation. Fig. 7 shows this schematically.

For example, expansion current 4 and its image, 4’, are equal

amplitude and co-directed. They generate a field that is tested

by, say, function 2. A special case occurs for the expansion

half current adjacent to the wall. It and its image form one

current which straddles the wall. Also, if the gap generator

,.4

‘——- open on 3 sides
— enclosad (apprx.)
---------- enclosed (conv.)

—2cnr —

~
N
z 10* I
E

,.O ,
54 56 5’8 6“0 62 64

F(GHz)

Fig. 8. Input resistance of an open circuit stub protruding from a side watl.

adjacent to the wall is of strength V, testing the total field from

currents 1-6 and 2’–6’ with current 1 gives 2V volts due to

the fact that both the gap generator and its image contribute.

A method of moments matrix equation cart be calculated in

this manner. The resulting solution is for a gap generator on

a wall driving a stub in a laterally unbounded half space. One

of the curves in Fig. 8 shows the real part of the impedance

seen by the gap source exciting a microstrip stub of width

0.2 mm protruding 0.775 mm from the right-hand wall. Since

the stub is not enclosed on three sides, there are no enclosure

resonances in that one curve. Six rooftop expansion currents

were used including the one straddling the wall.

The second group of currents consists of the images that

are introduced when the three remaining walls are included

in the problem. These image sources are far from the interior

field points and their contribution to the tested fields can be

computed using the TMo assumption implicit in (14). The near

wall image contribution has already been counted as described

previously and thus must be excluded from this calculation.
One way of organizing this calculation is as follows. Assuming

the source is located on the x = WI wall, one calculates the

effect of the far images by placing the primary current and

its near image in a new package with dimensions 2a IYy b.

The currents straddle the center line of the new package at
x = WI as shown in Fig. 9. The package contributions (minus
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Fig. 9. Schematic showing how the image currents, excluding the near image

current, can be treated as though the primary current and its near image are

in a 2a x b enclosure.

near image) to the mutual impedance between the ith testing

function and the jth expansion function is

where the Za, g,3 coordinates locate the images of the primary

current in the 2a x b box and the $a,, YB, coordinates locate

the images of the near wall image current in the 2a x b box.

Again the summations in (17) are calculated efficiently via the

method described in Appendix 11.

Combining the impedance calculations for both of the

aforementioned groups results in the method of moments

matrix for the circuit in an enclosure of dimensions a x

b. Fig. 8 shows the real part of the input impedance when

the stub described previously extends from the WI wall and

the gap generator source centered at z = O,y = O and

WI = O, W2 = –5.Omm, W3 = –20.0 mm, WL = 7.Omm.

The enclosure introduces several variations in the impedance

which are not present without the enclosure. These are due

to package resonances. The results using the conventional

technique [14] are also shown for comparison. Excellent

agreement is apparent.

VI. CONCLUSION

The formulation described in the preceding sections allows

one to calculate a circuit’s terminal characteristics with and
without a lateral enclosure, It also improves numerical effi-

ciency for calculations in large enclosures. The lateral enclo-

sure correction is calculated by summing the fields contributed

by the circuit’s sidewall images. This can be accomplished

very efficiently due to the fact that only the TMO parallel plate

mode communicates the image fields when the top conducting

cover is not too far from the MMIC surface and when the

circuit is not too close to a side wall—the majority of cases.

If larger cover heights or closer walls are used, the calculation

can be made as accurate as desired by including corrections

due to higher order evanescent parallel plate waves. The

efficiency of the enclosure calculation at a particular frequency

does not depend on enclosure Q or size. A very simple circuit

was analyzed using this formulation and the results compared

to results generated by software employing a conventional

formulation. Examples of convergence were presented.

Most circuits are launched from a side wall. In such cases

the formulation must be modified. The portion of the circuit

near the launch sidewall is first analyzed as though only the

near wall and top and bottom conducting planes are present.

No enclosure resonances occur in this calculation. Next the

effect of the other three walls is added to the impedance matrix

using the image summation described in the text. This step

adds the effect of resonances. Again a simple stub protruding

from a side wall was analyzed and compared to a conventional

analysis of the same structure. We note that the results in

this case are highly idealized and a practical coaxial side

wall feed has added effects not modeled herein [7] although

they could be. We further note that deembeding algorithms

for removing idealized feed effects are often rendered invalid

due to enclosure resonances [23]. The formulation described

in this paper could be used to remove this problem.

Although this formulation will also work for high Q en-

closures, its application will probably be most important for

low Q enclosures. After all, no packaged MMIC will operate

properly if high Q resonances occur in a frequency range

of interest. A practical high frequency enclosure will always

include some type of damping layer to reduce the enclosure

Q. Furthermore, as mentioned in the introduction, the usual

design procedure is to analyze a circuit piece in an analysis

enclosure, get its terminal characteristics, and use them in a

conventional circuit analysis of an entire MMIC. In all cases

the analysis enclosure will be different than the final operating

enclosure. The only way to take this effect out of the problem

is to make sure that both enclosures are very low Q. Ideally the

enclosure Q should be reduced far enough that the side walls

are invisible to the circuit, creating an “anechoic” enclosure.

However it is difficult to know how low is low enough since

the effect of a low Q resonance becomes more of a subtle

undulation in a circuit’s frequency response. Also, the size

of the undulation varies with position in the package. Thus a

formulation such as the one described here would allow the

differences, with and without the enclosure, to be assessed.

APPENDIX I

The following notation describes Fourier transform Green’s

function for the layered structure in Fig. 1. Note that V = E
or M

(Ala)

y(l) ==–jY$J cot (Lltil)

(Alb)Y~j) = –jY$J cot (kz3&)

(k:i= E,zk;– /32 Im(kzi) <0
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APPENDIX II

In what follows, the double summation in ( 13b) is written

in terms of a single summation which converges very quickly.

Define ZH by,

. H~2)(f3;M@L – &)2 + (y – y@)2) (A2)

where the current locations (XO, yp ) have not yet been explic-

itly defined.

First note that the image currents described by (12) can be

split into three groups

cc

J~ =g~(y) ~[~j(x – 2an) + ~j(2Ws – $ + 2an)]

n=l

(A3a)
–1

J~ = g;(y) ~ [~j (z – 2an) + $3(2W’1 – z -t- 2an)]
?l.. -ca

(A3b)

m=l

– gj (21”V2 – y + 2b7rL) – gj(21”v4 – y -- 2brn)]

(A3c)

where ~q and gi are non-zero in a small region centered around

Xj and yj. The first and second groups of image currents are

located in regions z > WI and a < W3 respectively. The third

includes all the remaining image currents. These form a linear

array of currents extending above and below the package in

the range W3 < x < VV1 (refer to Fig. 3).

First consider the contribution of the first group to 2H.

From the definition of g;(y) in equation (1 lc) we know

that the currents in (A3a j are located at the y coordinates,

YP = Y3 + 2mb and yp = 2W4 – yj + 2mb with the
latter currents having negative signs (s6 = – 1). Thus the

contributions to .XH from these currents are
m

. [H$’)(@x - X.)2+ (Y - Yj - 2mb)2)

– Hf)(/3~(z – z.)’ + (y – 2W4 + y, – 2mb)2)]

(A4)

where x~ is not explicitly defined for now.

Use the identity

(A5)

where k; = /l?2– k; and Im(kz) < 0, And then use Poisson’s

formula,

413

to simplify (A4) to

where

~(m Y, Yj) = ;4 sin [Y(W4 – y)]. sin [?(W4 – yj)].

(A8)

From (A3a) we see that the z coordinate that locates the ima,ge

currents in the z > WI region can be explicitly determined

to be x~ = Xj + 2na and Xa = 2W3 — x~ + 2na with

n=l,2,3 . . . cc. Expression (A7) now becomes,

m T(m, y,yj) m
EH+ = ~ ~ ~ e-~kx2an

m=l x n=l

The same procedure can be applied to the image currents

defined by (A3b) located in the x < W3 region. The z.

coordinates which locate these image currents are z~ =

x+–2naand xa=2W1–xi– 2nawith n=l,2,3. -.m.

Tke contribution of these cu~ents to (A2) is

Adding equation (A9) and (A1O) and reducing the

summation to closed form results in the expression,

XH+ + ZH-

mT(w Y, y?)’x –j’@u(kz, x, Xj)——
kz sin (kza)m=l

where h: = /32 – (m~/b)21m(kz) < 0, and

(A1O)

n index

(Alla)

[
U(kz, x, xj) = e~k’(z–x’) + eJk”(z-2w3+z’)

(~1 lb)

The only remaining image sources not included in (Al 1)

are located above and below the package at x~ = xj and

yp=yj=t 2mbforsP=lmd alsoatxa=xj and

Yp = Yj + %rtb,yp = 2W2 – yj + 2mb for Sp = –1. As
before m=l,2,3 . . . . Their contribution to Eli is

~~” = E v(m%%YY3) (A 12a)
m=l

where

v(m,~,x$,v,yj)

—— + 2mb)2]1/2)H$’)(~[(x – X1)2 + (y – yj

– H~2)(/3[(x - xj)2 + (y – 2W2 + yj - 2mb)2]’L/2)

—H~2)(J?[(~ ––xj)’ -E (y ––2W4 + yj + 2mb)2] “2)

(A12b)
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In practice V

approximation

In summary

expression for

XH =

can be evaluated using the large argument

for H~2).
then, combine (Al 1) and (A12) to get the full

EH,

~ ~ ~(mj u, vj)e-~k=”U(L, x, fcj)../. .

(A13)

Substituting this expression for the double summation in (13b)

and then in (14) gives the field at z, y within the package due

to only the images of a current element located at Xj, yj. The

summation in (A 13) can be truncated after only a few terms

(N1O) and thus it can be quickly evaluated.

A package resonance occurs when Re[kZa] = O,T, 27r. . .

due to the sine factor in the denominator of (A13). The Q at

resonance is determined by the size of the imaginary part of

k. which is in turn dependent on the size of the imaginary

part of ,8. In most cases /3 = ~~M and thus the imaginary

part of the propagating parallel plate mode determines the

Q. However, the expression (A13) can also be used if /3 is

primarily imaginary, as it is if ,B = /3~M or/3 = /3~E are used

to check the accuracy of the TM. approximation.
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