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A Rigorous and Efficient Analysis of 3D Printed the vertical conductors can be evaluated partially analytically
Circuits: Vertical Conductors Arbitrarily with the use of the explicit expressions of spectral-domain
Distributed in Multilayer Environment Green’s functions iz and 2’. In addition, Sommerfeld-type
integrals were numerically evaluated and numerical tables
for different source-to-observation distances were formed to
accelerate the computation of the MoM matrix entries. The
same approach, i.e., analytic integration of the part of the MoM
matrix entries involving: andz’ integrals, was also used in [6],
Abstract—The combination of the method of moments and [7], where they demonstrated the derivation of spectral-domain
the discrete complex image method is extended to multilayered Green’s functions as explicit functions ofand 2/, even for

printed circuits with vertical conductors crossing more than one . . : :
layer and/or located in different layers. Some realistic printed different observation and source layers, analytically in [6]

circuits with multilayered vertical strips are analyzed, and results @nd numerically in [7]. As another approach, the discrete-
are compared either to those presented in the literature or to complex-image method (DCIM) in conjunction with the MoM

those obtained from the commercial softwareem by SONNET  was also employed for the analysis of printed structures with
tskn(;fttvtvrﬁ;eéx’?gr:tsri]o?g:gufziflitNa:g dlrt]hgduds:gocr)]f, ;‘réscgnet{“%”es\};?;ei , Vertical metallizations [8]-[11]. It was also demonstrated that
algorithm, which was specifically developed for tr?e efficiepnt the e).(t(.ansmr? of the method developed.ln [10] rgsults In
handling of multiple vertical conductors, for the analysis of an efficient simulation tool for the analysis of multilayered

structures with multiple vertical strips running in multilayer ~ printed structures with multiple vertical conductors, provided
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environment. all vertical conductors are positioned in only one layer [12].
Index Terms— Multilayered 3D Printed Circuits, Method of Since the method proposed in [10] is widely accepted as being
Moments, Discrete-Complex-Image Method. limited for printed structures with vertical conductors posi-

tioned only in a single layer in a multilayer environment [6],
[11], as the main contribution, it is demonstrated that this
I. INTRODUCTION approach, with some modification in the implementation of
Demand on miniaturization and complex functional opef® MoM, can handle more general printed structures, such as
ations of high-frequency systems leads engineers to des?ﬂﬁse with vertical conductors located in different layers and/or
circuits in multilayered environment, which requires verticgxtending more than one layer. In addition, this development
conductors to facilitate connectivity between the layers. figs facilitated the implementation of the algorithm proposed
addition, a recent trend on packaging, known as systefﬁ—[lz] for multiple vertical conductors distributed arbitrarily
on-package approach, proposes integrating RF modules vitnultilayered planar media.
embedded passive components and monolithic microwave inSince the main algorithm has already been detailed for
tegrated circuits in a multilayer environment [1]. Such trenddeometries with vertical conductors in a single layer, additional
can On|y be accepted on a |arge scale, if a Computer_aidwrk required for its extension to more general geometries
design tool is developed to accurately simulate 3D structurs discussed in Section Il. Then, it is followed by some
in multilayer environment [1], and to simultaneously simulatéepresentative examples in Section Il to demonstrate the
digital, analog and optical circuits coexisting in a package [2jccuracy, as compared &m by SONNET Software, North
As the latter is more involved and may require efficient andyracuse, NY, or to the results available in literature. Finally,
accurate simulation tools for individual type of circuitry, thdn Section IV, conclusions are provided.
former has to be improved for computational efficiency and
accuracy, which is the main goal of the study presented in this 1. DISCUSSION
paper. _ o
For the analysis of 3D conducting objects in layered media, NOte that the underlying method used in this work, the
multilayer or single layer, method-of-moments (MoM) basedPatial-domain MoM in conjunction with the DCIM, is the
algorithms for the solution of mixed-potential integral equas@me as the one proposed in [10]. Therefore, the formulation
tions have commonly been used, due to its well-known advai-this combination is not detailed here any further, and only
tageous, [3]-[11]. Earlier treatments of 3D conducting objec'l@ extensmn.to prlnt_ed CII‘.CUItS with multilayered vertical
in layered media provided the foundations of mixed-potentigPnductors will be briefly discussed. However, for the sake
integral equations [3], and demonstrated the implementati8h completeness, two major issues on the use of DCIM,
of the MoM via numerically integrating the Sommerfeldfor getting the closed-form expressions of Green's functions
type integrals involved in the formulation [4]. Then, it wa<nd/or the auxiliary functions, in the applications of MoM

proposed in [5] that the MoM matrix entries associated Witﬂeed to be st_ated With some cl_arifications. _Sinc<_a every image,
i.e., exponential function, used in the approximation of Green’s
Manuscript received November 1, 2006; revised April 21, 2007. functions has to be accounted for in the calculation of the
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MA 01853. of images less efficient the algorithm would get. But, the
experience so far has shown that the number of exponentials

necessary for good approximation does not reach to a level that
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would render the overall algorithm inefficient as compared tespectively, and4; is the amplitude of the wave in laygr-
other traditional methods. This is partly because the numberbe determined. Starting from the amplitudes of the fields in
of images required is not generally that high [13], and parttyie source layerd;” and A; for up- and down-going waves,
because some tools for efficient calculations of the MoMne can determine the amplitudes of the fields in any layer
matrix entries have been developed for Green'’s functions céstatively. As a result, the amplitude transfer function from
in exponential forms [14], [15]. In addition, the algorithmthe source layer (layei-to any other layer (layef) can be
proposed in [12] for multiple vertical conductors has beegasily obtained as

facilitated by the use of the DCIM, and therefore, large number A_e_jkzj(z(j,l)u_z/)_A+ —jks, (di—z")

of exponentials that may be required in some applications can

be counterbalanped by the efficigncy gained.in the calculations (H Frntl,—ike, m) Ti-1i (3)

of the MoM matrix entries by their use. Deterioration of the ac-

curacy of the approximation of Green’s functions by the DCIM
for large source-to-observation distances, usually much larger =1 for j=2>i

than the free-space wavelength, has been an issue for a Ié1g/ > 7, and

time, which was recently discussed in details and attributed tgy ik, (zj+11—2") _ A_efjkzlz

non-spherical wave nature of the functions to be approximated, e

[16]. Throughout this work, vertical strips are employed as (H Frn—1,=jks,_,d >TJ+1J (4)

vertical conductors, with no loss of generality, and that no
slanted connections between the layers are considered as it
may require different class of Green’s functions [3]. It is also
assumed that all layers and ground plane extend to infinfgr ; < i. Note that the terms denoted iyt and Tt
in the transverse directions and the conductors are lossldgscribe the generalized transmissions from the top of layer-
and infinitesimally thin. A time convention af“! has been to the bottom of layers¢1), and from the bottom of layerto
adopted and suppressed in this work. the top of layer<{-1), respectively. Once the amplitude of the
It is well-known that the spectral-domain Green’s functionfield in the observation layer is obtained, the spectral-domain
in planar layered media can be obtained analytically in close@een’s function can be written as explicit functionszoénd
forms. However, in order to utilize the full advantageous of thé&, by substituting (3) or (4) into (1) or (2), respectively. Hence,
closed-form Green’s functions when used in conjunction witfie spectral-domain Green’s functions will be composed of
the MoM, it is important to cast them as explicit functiongour terms

=1 for j+2>i

of z andz’, even when the observation and source points are - ! —i[(=1)P ks 24 (—1) k=, 2]
in different layers. Although Green’s functions with explicit F=3%"% cpe™ g (6)
z and 2/ parameters were detailed in [17], [18] using the p=0¢=0

transmission line approach, a few steps of the derivatiovherec,,’'s are not functions ot and:’. Once the spectral-
using the wave approach are provided following the procedutemain Green’s functions are expressed as the explicit func-
provided in [19], [20], in order to be able to demonstratéons ofz andz’, then the MoM matrix entries can be obtained
the functional dependence of the individual terms in Greerfglly analytically, if it is desired, using the same approach
functions. proposed in [10]. Although the approach is the same, the
Consider a general planar stratified medium where a pointplementation of the algorithm, especially the calculation of
source is located in layer-and observation points can bethe MoM matrix entries corresponding to the basis functions
in any layer, including the source layer as well. To clarifgrossing the boundaries, needs to be modified.
the notation, note that- over fields denotes the spectral- Throughout this work, basis functions used to approximate
domain representation of the corresponding field, wkilever the induced current density along the horizontal and vertical
reflection and transmission coefficients denotes the generalizetductors of the geometry are chosen to be rooftop and
versions of these parameters that account for the multigialf-rooftop functions, respectively. In addition, at the inter-
reflections and transmissions. Assuming the observation poisestions of the vertical and horizontal conductors, saw-tooth
are in layerj, which could be located either below or abovettachment functions are introduced on the horizontal cells
the source layer, the spectral-domain field expressions (for ©Ethe junctions and, for computational purpose, used as the
and TM waves) in the observation layer can be written in th@rt of the corresponding vertical half-rooftop basis functions,
form of to satisfy the charge conservation and current continuity at
- ) , - . N o the junctions. As a vertical conductor runs through a layer, it
F =4 [e Ty (3750 g R ihey (2 7k 20 )} @) ma;) connect horizontal conductors at both inte?faces )(/)f the
layer (including a ground plane at one interface), or just pass
through the interface with no horizontal connections. For the
F=A; {eﬂ"% (==2") | Ri»j—le—ijj<Z—Z’>e—jk‘zg-2(zﬂ+z')} (2) former use, two attachment functions with opposite slopes are
used, one at each end of the vertical conductor, except at the
for j < i. Generalized reflection coefficient&’7¥!, are ground connection. However, for the latter use, no need for
defined atz = zj;, (upper interface of layef) and » = the attachment function, two half-rooftop functions join and
—zj (lower interface of layey) for j > ¢ and j < 4, make up a single rooftop function spanning the interface.

for j > 1,
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[1l. NUMERICAL EXAMPLES 0.08 ! !
Since the extension of the method developed in [10]tomore o, 1 1 .23 | — MPE ]
general structures has been briefly described, it needs now /4] {Jpns Sonnet

to be validated on a relatively simple but intuitive example, 0.06
like two microstrip lines on different layers in a multilayer
environment, as shown in Fig. 1. This is a 3-Port microstripz 005
geometry in a five-layer medium backed by a ground planeg 0.04
whose details are provided in Fig. 1; two horizontal con-&
ductors are connected with a vertical strip and two verticals 0.03
strips are placed between each of the horizontal conductors
and the ground plane. Since the current distributions on the 0.02

20.0 em 0.01F
6.0 cm | 4.0 cm | 3.0cm | 4.0 cm | 3.0cm
T T T T
0
i 10

Distance (cm)

h4=0.04064 cm

Fig. 2. Current distribution on the bottom microstrip line when Port-
i} 1 is excited, Port-2 and Port-3 are terminated in open- and short-circuit,
h;=0.02032cm  respectively, in Fig. 1 af = 1.5 GHz.

v

h,=0.04064 . .
" tudes ofS;; are obtained and the resonant frequencies of the

3 patch with no vertical strip and with fifteen vertical strips are
h=002032em  ghserved to be about 2.22 GHz, and 2.53 GHz, which are in
good agreement with the above predicted resonant frequencies.

Ground Plane

Fig. 1. A 3-port printed circuit with vertical strips in a multilayer environ-
ment.

|

|

I

microstrip lines can be predicted intuitively, using transmission I
line analogy, they are obtained for two different sets of port :
|

|

|

wd 0’y

terminations: Port-1 is excited (with a unity-amplitude current Coaxial Feed
source) while Port-2 and Port-3 are terminated in open- and S
short-circuit, respectively; Port-3 is excited while both Port-2 ’
and Port-3 are left open-circuited. For the sake of brevity, . N , B
only the current distribution on the bottom microstrip line 1.125 cm
for the former case is provided in Fig. 2 along with the | 3.0 cm 3.0cm
results obtained from a commercial softwaeeby SONNET (a)
Software, North Syracuse, NY. It is observed that the results Patch
are in good agreement and the slight differences between  ______ 4 ____
the two results can be attributed to the difference betwee 0.157 cm
the environments that numerical techniques assueneby [
SONNET Software, North Syracuse, NY, solves the geometry ¢ =3¢ 0.154 cm
in shielded environment while the method proposed in this
paper solves it in an open environment. Ground Plane

Another example is a square patch antenna (L=4.02 cm) Coaxial Feed
with multiple shorting strips over a two-layer substrate; 1st (b)
layer over PECk,;=4.77,h1=0.068 cm; 2nd layere,»=2.33,
h2=0.132 cm. The antenna is fed by a microstrip lingsig. 3. Two layered patch antenna (a) Top view (b) Side view.
width=0.268 cm, at the mid point of its one edge, and shorting
strips (width=0.268 cm each) are positioned 1.876 cm awayAs a final example, a two-layered rectangular microstrip
from its feeding edge. According to the cavity model, the pat@ntenna, whose one half is printed on the top interface and
would be expected to have resonances at the frequencieghefother is on the lower interface, connected via non-touching
2.3 GHz [=/(2x4.02x/ecrr)] and 2.5 GHz [=/(2x1.876x  strips, is studied. This structure is the modified version of
Ve€err)] with no shorting strip, and with full short-circuiting the geometry studied in [22] using a whole wide metallic
at a distance of 1.876 cm from the feeding edge, respectivadgnnection between the two halves of the patch antenna,
wheree.s¢ is calculated heuristically from [21]. The magni-as shown in Fig. 3. The input impedance of this probe-fed

e
W
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Fig. 4.

Input impedance of the antenna shown in Fig. 3.

(3]

(4]

(5]

(6]

(7]

(8]

19

(20]

antenna is obtained over a band of frequency (1.9-2.3 GHz)
using the method presented in this paper, and the results [Atd Yaxun Liu, Le-Wei Li, Tat-Soon Yeo, Mook-Seng Leong, “Application
compared to the experimental results provided in [22], as

shown in Fig. 4. Although the results are in good agreement,
particularly concerning the resonant frequencies, the slighl
difference between the simulation and the experimental results
can be attributed to different kind of vertical connections (non-

touching strips vs. a whole conducting strip) between the 3!

layers of the antenna.

As a final remark, it should be noted that multiple vertip4]

cal strips in these examples have been implemented by the

algorithm developed recently [12] with similar improvemengl5]

in computational efficiency.

IV. CONCLUSIONS

In this study, a well-known method for its numerical effi

(16]

17]

ciency and accuracy, namely the combination of MoM and

the discrete complex image method, has been extended to

analyze an important class of printed geometries, multilayer@é]
printed structures with truly multilayered vertical conductors.
The method is applied to some realistic geometries, and thel

results are compared to those presented in literature and to
[20]

those obtained from the commercial softwaraby SONNET

Software, North Syracuse, NY. As a final statement, this
combination has now matured to the level that can eﬁicientﬁ%xl]
and accurately analyze almost any kind of printed structures,
and has become a good candidate for a CAD simulatit??l

software.
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