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Extraction of Network Parameters in the
Electromagnetic Analysis of Planar
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Abstract—Integration of electromagnetic (EM) and circuit when parameters at more than two ports are to be extracted, as
analyses for the modeling of spatially distributed microwave multiple “measurements” are required [5], [6]. Accuracy is im-
and miIIimet_er-we}ve circuits re_quir_es the establishment of ports proved by implementing matched terminations in the EM anal-
that are defined in both the circuit and EM realms. Four EM - . . . . .
techniques are developed here and contrasted for the extraction ysis using an m_tegral-equatlon techn_lque, asin [7] an_d [8], but
of the port network parameters at circuit compatible ports. A more computations of the MoM matrix elements are involved.
full-wave method-of-moments EM analysis directly yielding net- In the MoM, basis functions of current are used and each, typi-
work parameters of a slot—stripline—slot structure is formulated.  cally a rooftop or half-rooftop function, straddles two geometric

Index Terms—Field—circuit interaction, global modeling, Cells so that the coefficient of a basis function is the “differen-
Green's functions, method of moments, network characterization. tial-port” current flowing from one cell into its neighbor. The
MoM formulation also uses the voltages between cells as vari-
ables, and these are just differential-port voltages if the cells
are not electrically connected (i.e., shorted, in which case the

HE method of moments (MoM) is an efficient way of elecvoltage is zero). In structures with single-layer metallization, the

tromagnetically modeling structures as pre-analysis, emetwork parameters so extracted are referenced to the differen-
bedded in the Green’s function, is used to reduce the numgal ports where active devices are placed and, thus, can be used
ical computation that would otherwise be required in more gedirectly in circuit simulation [9]-[11]. The admittance param-
eral techniques such as the finite-element method (FEM). Thiter relationship between the currents and voltages at the differ-
is especially true for antennas and open structures [1]. As s@initial ports can be extracted from the inverted and reduced form
domain current basis functions and differential (or delta-gapy the MoM matrix (the procedure is described in [12]-[14]).
voltages are used in MoM formulation, the compatibility with The situation is more complicated when a ground plane is in-
general-purpose microwave circuit simulators, which use tefelved, as inevitably a port is defined with respect to the ground
minal current and voltage quantities, is near optimum. Howlane. This is because these ports are not differential ports, but
ever, the interface thus defined is not compatible with the sirare referred to the ground plane (i.e., the voltage is referred to
ulation of circuits. Several measurement-like electromagnetjeound). Eleftheriades and Mosig [15] used a half-basis func-
(EM) techniques have been presented and shown to be wigh to define a port at the intersection of the walls of a shielded
suited to extracting the scattering or circuit parameters of plangiclosure. This is an elegant procedure, but not applicable in the
circuits [2]. These are classically deduced from the calculatiasence of an enclosure (in open structures) or ports not at the
of the surface current flowing on the structure [3]. This is analgvalls of the enclosure, but inside it. Building on the half-basis
gous to slotted-line measurement of a standing-wave pattern maction idea, Zhiet alcomputed external port parameters for
subsequent extraction of a one-port reflection coefficient. Agmbounded structures [16]. In [16], the authors use a segmen-
other approach implements a deembedding procedure involviagon approach to partition the feed lines from the rest of the
two through lengths of line to compensate for port discontingircuit. In effect, these feed lines are terminated in a virtual elec-
ities [4], a procedure very similar to that used in actual megical wall and half-basis functions are used. Images of the lines
surements. This deembedding becomes increasingly compd@s then used to compute the inner port parameters. However,

this approach alters the physical behavior of a circuitin general.
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Fig. 2. SSS amplifier unit cell.

is arranged as aiv x N array of unit amplifiers. Each unit
cell of the array is c_omposed of an input .str[plln('a—coupled.slot Reference Plane 1
antenna, then a stripline-mounted monolithic-microwave inte- Port 1

?Sr:;egi-grgl;‘it (MMIC) amplifier, and finally, an output antenna "4 Flane &\\\\\\\\\;\\\\\\\N&R\&

z

Upper Siot Antenna

The tight coupling of the antenna, circuit, and EM environ-
ments requires global modeling of the entire finite-sized struc-
ture and strategies for treating the EM model as an integral pa

. . ! Ground Plane
of the circuit model [14], [19], [20]. Lower Slot Antenna o
The aim of the overall analysis is to develop a single network Reference Plane 2
representation of the EM structure. The network is interfacec Port 2

to circuit models at “EM terminals” defined to be consistent

with nodal-based circuit descriptions. The depiction shown ffg- 4. SSS unit cell

Fig. 3 shows how the passive structure is reduced to an inte-

grated model for a unit cell. In modeling av x N array, the Il. NETWORK CHARACTERIZATION

two-port network is replaced by a network w2 ports and

the input excitation is modeled usimg equivalent sources at  Without loss of generality, consider the structure in Fig. 4.
the input-side ports of the network. Each of the ports in Fig. Gircuit compatibility requires that the parameters be referred to
must be interfaced to the conventional circuit at normal cuports, each of which has one terminal located on the stripline
rent/voltage-defined terminals referenced to the ground planasd the other located at the ground plane (assuming that the two
The terminals so referenced are called “circuit ports,” wheregsound planes are electrically identical). However, only differ-
the ports immediately available from MoM analysis are differential ports, with each port having two terminals located on ei-
ential ports [10], [11], [14]. The main contribution of this papether side of a break in the stripline, are immediately available
is the development and contrasting of a number of techniguesm EM analysis. In this section, the four techniques illustrated
for extracting the immittance parameters at circuit ports from Fig. 5 are considered for translating the parameters extracted
the EM characterization at differential ports. Earlier work bt the differential ports to parameters referred to the circuit ports.
our group relates these to the nodal parameters required by Tine first, i.e., Fig. 5(a), uses standatdnding-wave character-
cuit simulators [9], [20]. A mixed-potential integral equationization determined by detecting the standing-wave pattern on
(MPIE), implementing the ideas developed here, is also devéie line. This is practically used only for characterizing one port
oped for the full-wave analysis of the SSS structure shown &t a time and multiport characterization obtained using various
Figs. 3 and 4 accounting for an incident EM field at the slotmpedance terminations at ports not being driven. However only
array. one MoM matrix fill operation
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Fig. 6. Single port.

is required. Thestub deembeddingchnique, i.e., Fig. 5(b), is
also used for one-port characterization, subsequently removing
the impedance of the open-circuit stub from the differential
impedance to obtain the circuit port impedance. The third ap-
proach, i.e., Fig. 5(c), uses an open cirauifirter-wavelength
stubto present a short circuit at one terminal of a differential
port—thus transforming the differential port into the desired
circuit port. In the final technique, i.e., Fig. 5(d),\ertical
stubeffectively introduces a conductor from the ground plane
to the stripline so that the differential port between the wire
and stripline becomes the desired circuit port in the MoM
formulation. The techniques are described in greater detail
below in reference to the extraction of the input impedance
Zport Of the simpler structure in Fig. 6.

A. Standing-Wave Characterization

The standing-wave characterizatianethod mimics a labo-
ratory measurement procedure as a source is applied to a port
and the standing-wave pattern detected [see Fig. 5(a)]. Here, a
delta-gap source is introduced between two MoM cells at the
differential port. The standing-wave pattern enables the input
reflection coefficient to be determined and referred to the de-
sired reference plane. In this manner, the discontinuity intro-
duced by the source and line extension do not affect the charac-
terization. Multiport parameters are obtained by either exciting
one port at a time and detecting the standing-wave pattern at the
other port, or by determining the input reflection coefficient at
one port at a time with various loads at the other ports using a
multiport extraction procedure [5], [6]. The number of permuta-
tions increases combinatorially as the number of ports increases.
Generally, an additional length of the line, at least one wave-
length long, must be introduced between the excitation source
and the reference plane to ensure TEM propagation where the
standing-wave pattern is detected. However, in some situations,
it may not be possible to insert such a long line because of the
presence of other structures or the introduction of EM effects
that were not present in the original structure. Fortunately, if the

Fig. 5. Four techniques for establishing a circuit ports in MoM analysis. (1€ can be inserted without interfering with the structure being
Standing-wave characterization. (b) Stub deembedding. (c) Quarter-wavelengtbdel, coupling between the added line and the rest of the cir-

stub. (d) Vertical stub.

cuit can be excluded during matrix fill. A further problem with



ABDULLA AND STEER: EXTRACTION OF NETWORK PARAMETERS IN EM ANALYSIS OF PLANAR STRUCTURES USING MoM 97

IS

OPENSTUB  DIFFERENTIALPORT  STRIPLINE \
\ / / DIFFRENTIALPORT  \eRTICALSTRIP  STRIPLINE
—— HALF BASIS
| e
10 s
Z i 12
Y Z PORT

! GROUND \ .
PLANE +
DIFF & v t

Fig. 7. Port definition for differential port and the differential bases cells. f f

GROUND PLANE

. . L UNIFORM CURRENT
this method is that the characteristic impedance of the open stub

must be determined separately. Fig. 8. Port definition for a unit cell using vertical current cell and half-cell.

B. Stub Deembedding D. Vertical Stub

The stub deembedding procedure is illustrated in Fig. 5(b). The introduction of a vertical stub, as in Fig. 5(d), brings the
The input impedance calculated directly from MoM is thground reference up to the strip and forms a differential port,
impedanceZprr looking into the differential port, which which approximates the circuit pdtport ~ Zprrr. APpro-
is the series combination dfporr and the stub impedancepriate basis function selections for one port are shown in Fig. 8.
Zsrus (see Fig. 7) so that That is, a half-rooftop basis function on the strip side of the port

and a pulse basis function on the vertical stub, both with current
(1) I, at the port terminals. The constraint imposedbieing the

coefficient of two basis functions results in an expanded form
of the MoM impedance matrix for afy-port system

ZPORT = ZDIFF — 4STUB

Zstus = Z.coth(vLstup) where the characteristic
impedanceZ. and the propagation constamtcan be deter- Zee  get] e 0
mined analytically or numerically. {Ztc Z”} [It} = {Vt} ©))

For anN -port structure, atv x N differential impedance ma-
trix Zpipp can be extracted from the inverted and then reduc
form of the MoM impedance matrix (the method is detailed i
[14]). The ZporT Matrix, alsoN x N, is then

%ere the superscriptdenotes terminal quantities and the su-
Berscrlptc denotes quantities pertinent to currents induced on
the conductor surfacé¢ andI! are the vectors of conductor and
terminal current, respectivel<© in (3) is the MoM impedance

Zrort = Zpirr — ZsTUB (2) matrix using the full rooftop basis function¥* is the vector
of delta-gap voltage generators at the circuit portsErid the
and Zstus is a diagonal matrix with element&srup, i, @ = vector of the port currents. The port admittance ma¥fix(de-

, N at theith port. This method is computa‘uonally effi-fined byI" = Y*V*) is obtained as follows. From (3)
C|ent, as there is only one MoM matrix fill and solve. However,

the method neither accounts for fringing effects at the end of the [Ic} _ [ZCC Zd} ! [ 0 } @)
stub, nor possible non-TEM mode excitation on the stub, and it It| | Ztc 7zt A%

increases the size of the MoM matrix. Also, as with the two-poar

structure in Fig. 4, it is not always physically possible to insert I 7Y™ Y*]10 .
the stub, even if it is of the minimum half-basis function length. {It} o {th Ytt} {Vt} )
C. Quarter-Wavelength Stub Then,Y! = Y (5), which is thelV x N submatrix in the lower

right-hand corner of the inverted impedance matrix in (4). This
fhethod introduces the smallest discontinuity and can be used
with any multiport configuration in microstrip or stripline.

If the stub of the previous technique is one quarter-wav
length long, as in Fig. 5(c¥prort Can be calculated directly
from the MoM as thetZstup = 0 and thuZport = Zp1rr.
The open-circuit stub increases the MoM matrix size and has
the same drawbacks as the previous method, but has the advan-
tage that the characteristic impedance of the stub is not requiredThe EM modeling of the SSS structure in Fig. 4 begins
Note that the physical length of the stub must be changed witlith the development of the Green’s functions following the
frequency. This approach is similar to that of Z#twal.[16] who approach in [21] and using the MPIE and MoM techniques
use images in a ground wall to create a short circuit. presented in [22] and [23]. First, using the equivalence principle

Ill. STRUCTURE GEOMETRY AND MODELING
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Es _ SLOT Hence,E¢X'(r) and HSX!(r) are the field distributions of the
. —p EEEEEENEE B . . .
incident waves from the external region8 @nd C). F¢*t(r)
&: and«***(r) are the vector and scalar potentials of the magnetic
STRIPLINE sources, which are located immediately above the upper ground
-m -m plane. Once the electric- and magnetic-field distributions are de-
() fined, the boundary conditions are enforced at both the stripline
and aperture. Since the tangential components of the electric
) field are zero on the stripline, the boundary condition is formu-
€x
REGION (B) @M lated as
L | é n y L | in
Js M E™(r) = O|sTRIPLINE- (12)
—
STRIPLINE The tangential components of th tic field | -
REGION (A) _ g ponents of the magnetic fields are also con
== == tinuous across the aperture so that
(b) H™ (r) = H™(r)| APERTURE- (13)

Fig. 9. Single SSS cell. (a) Original structure. (b) Structure after application
of the equivalence principle.

V. GREEN S FUNCTIONS
[24], the center conductor at = 0 in Fig. 4 is removed and  The potentials of the electric and magnetic sour&&(r),
replaced by an equivalent electric surface current dengity F™(r), F™*(r), ¢™(r), ¢ (r), and4***(r) can be repre-
The slot, at thex = & plane, is then removed and replaced bgented as

perfect electric conductors, and the equivalent magnetic surface ) © —int
current density flowing at = h~ is AM(r)= [ Gy (r 1) 3.(r)dS] (14)
S1
M = 2 x E,. 6 . .
o © @)= [ G ) ds) 15)
Finally, for the fields in regiorx > &, the equivalent source is a S1
. . . + . . — int
magnetic surface current density flowingzat- A% and given F () = G, (r, ') - M,(r')ds, (16)
by Sa
Mt = M, (7) P (r) = /S G (r, v') pm, (v') dS} 17)
2
Thus, the structure is decomposed into two regions, as shown _ext
in Fig. 9, and the analysis reduces to determining the induced F™>(r) = Gy (r,r)- [—Ms(r’)] dss (18)
electric and magnetic surface current densiflesand M, Sz
This is accomplished using MoM formulation, which solves the ext ext / / '
. = G —Pm dss. 19
MPIEs whose kernels are the Green'’s functions. PEHr) /52 2 = pm, ()] 45, (19)
—int —int —ext
IV. MPIEs whereG, (r,v'), G (r,r'), andG (r, ') are the spa-
In the internal region, i.e., regiad in Fig. 9(b), the electric- tial-domain dyadic Green’s functions of vector potentials from
and magnetic-field distributions can be expressed as the electric and magnetic currents in the internal and external

regions (see the Appendix)Gi*(r, r'), Gi®(r,r’), and
1 . 4 WA
(r) — jwA™(r) — Vo™ (r) — = V x F™(r) G (r, v') are the spatial-domain Green’s functions of scalar
¢ 8 potentials from the electric and magnetic charges in the internal
(®) and external regions, respectively (see the Appendixjand

Eint (r) — Eint

mc

H™ (r) = H* (r) — jwF™(r) — Vo™ (r) + S \v4 S, represent the stripline and aperture surfaces, respectively.
- #o The quantitiesp;(r’) and p,,,,(r') are electric and magnetic
x A™(r) (9) charges, and they are related 3g(r’) and M,(r’) by the

; ; . ) continuity equations
where Ei2(r) and H™ (r) are the incident fields from the yed

external excitation at the slot&™(r), F(r), ¢"(r), and VI, = —jwp, (20)
1™ (r) are the vector and scalar potentials of the electric and VM. — —jw 1)
magnetic sources, respectively. In the external regions, regions s =T IWms-
B andC in Fig. 9(b), there are no electric sources; thus, the

electric- and magnetic-field distributions can be expressed as VI. MoM

E*(r) = ES(r) — 1 V x F(r) (10) The MoM f_ormulation_ is developed by expan_ding and testing
€0 the MPIE using Galerkin’s method to form a linear system of
H™'(r) = HZ (r) — jwF™(r) — Vo**(r).  (11) equations, which is the MoM matrix set of equations. Assuming

mc



ABDULLA AND STEER: EXTRACTION OF NETWORK PARAMETERS IN EM ANALYSIS OF PLANAR STRUCTURES USING MoM

Li

@)

(b)
Fig. 10. Basis function. (a) Rooftop. (b) Pulse doublet.

that the electric current densifl, flows in thex-direction and

the magnetic current densiiM; flows in they-direction, then i
the electric and magnetic currents densities are expanded a§G

r)= Z I, T(r)
Z Vi TY (v

m=1

(22)

(23)

whereI’? and 7%, are rooftop basis functions, as shown ”?

Fig. 10(a) They are defined by

1 — 8; Lz
M Si_Li<3<3i

Ww; ’
Ti(s)=4¢ 1—(s—s;)/Ls; 24
i) 1= =5/l , s; < s < s+ Ly (24)
W;
0, otherwise

wheres = x ory. The surface charge density is found using th

continuity equation, resulting in pulse doublets [see Fig. 10(b)]

-1

—L;<s<s;

I~

T

|-

(25)

s; < s<s; +L;

&

0, otherwise

where, agains = z or y. Upon introducing these distribution
functions into the MPIEs and testing them witfi, ¥ = 1 to IV,
andZ}, ! =1to M, the following system of integral equations
is obtained:

int Tac

(B, i) = 1w<A““ Ti) + (Vo™ ), I7)

+= <(V><Fim)t, 7y,

k=1to N (26)

99

ext
inc t?

Hmt

mc

H;

((

le> ij<(Fint _ :Fext)t7 le>
+ <(VZ/)im _ V"(/}im)t, ley>
(VXA 1),
Ho

[=1toM 27)
where(, ) specifies the inner product operation and the subscript
t refers to the tangential components in they-plane. After
reformulating the integral equations above, the matrix equation

“[w 2l

is obtained.Y ;s is the self-coupling submatrix of the slot,

Z v« v is the self-coupling submatrices of the striplifi®,; «

is the coupling submatrix between the slot and the stripline, ;
and W x . 5s is the coupling submatrix between the stripline
and slot. The vector¥ ;. andIyy; are the unknown coef-
ficients of the basis functions on the slot and stripline, respec-
tively. Finally, this matrix is composed of submatrices, with each
describing the interaction of two regions of the equivalent model
inFig. 9(b).[(AH ™, T/ ) arx1, [(E™, T)] v« are the exci-
tation vectors from the incident fields.

The MoM matrix in (28) is further partitioned two ways: an
ternal region matrix and an external region matrix. Here, the
reen’s functions of the external and internal regions are cal-
culated separately, and they depend on the cascading structures
[25]. The matrix in (28) is, therefore, calculated as

woal=[% o)t

where Y¢* is the mutual coupling integrals for the external
egion andy ', Unt, Wint andZ™ are the mutual coupling

<AHinc’ j}y>
<E5inc, TZ}>

Y U
W Z

v

I (28)

Uint
Zint

Yint
Wint

Y U
W Z

Yext
0

0

0 } (29)

for the closed-array structure wigt elements

Zint _

Nk

~w<(A%nt Tac> +< v¢1nt

y;+(W;/2) z;+L;
o / Lo
u—(W;/2) Ja,

( )G, (wla; yly 0
v+ (Wy/2)

77)

Jz+(V‘ /2) +L;

yi—(Wi/2) /wz-

0T (z") dx’ dy' dz dy

/JCJ-I—L /Jz-l—(w /2)
v, —(W;/2) Ja= ui—(Wi/2)

112 ()G (x|2; yly'; O|O)IIT () do’ dy da dy

—L;
e

i +L;

/.

1

Jjw L

(30)
Y}iint —Jw< Flnt TJ> +< V”(/}lnt . le>
“/’J"’(V‘ i/2) puit+L; z:+(Wi/2)  puitLs
B0 AU AR R |
w;—(W;/2) Ju;j—(We/2)=L; Joi—(Wi/2) Jyi—Li

y( JGE (alas yly/s HIRYTY (o) da dyf de dy
z;+(W;/2) /UJ+L /l’ (W /2) /yi+Li
z,—(W;/2) 2i—(W;/2) Jui—Li

V()G (l2's yly's RIR)IY () da’ dy' d dy

(31)

Jw
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Y = (B TV) + (Vi) 17)
+(W;/2) py;+L; ac-i—(VI /2)  pyitLs
ST S e |
z;—(W;/2) i—(Wi/2) Jyi—L;
T3 (y) G, (s oly's HIWYTY () do' dyf d dy
1 xj+(W5/2) pyitly poit(We/2) pyitls
_J'_w x;—(W;/2) / /—(Wz-/2) /f—Lf

I ()G (xle; yly's hlh)ﬂf(y’) da' dy' dee dy
(32)

REFLECTION COEFICIENT (dB)

Wit = <(V><F“;t) T7)

/a;j-l-(w i/2) /J_7+L /Jz+(w /2)/ +L;
2~ (W;/2) vi—(Wi/2) Jui—L, 1%, 3 4 5 6 7 8

FREQUENCY (GHz)

, a
@) | 5 G 1) 77
z z=0, 2/=M Fig. 11. Return loss of a single-slot antenna usingZ{ayr, (b) Zrorr
- dz dy’ dx dy (33) extracted using stub deembedding, and4ehr after [23]. Referring to [6]
l; =50 mm, W, =25 mm,ls =30 mm,Ws = 2 mm,lopr = 10 mm,
h = 1.57 mm, ande,. = 2.2.
. 1 : ,
Ujtt == (7 < AJ,. 1Y) | | |
The transverse fields generated by the vertical current is de-
Yy +(W;/2) /wﬂrL /wz+<“ i/2) /yz‘+Lf scribed by elements
HO ;- <g I wim(W/2) Lyl Wi/ pestLy pui(Wi/2)
LT 7 yint N Yo fo :JCU/ / / /
4 (=) |:az S ):| z=h Zr:()Ti ) ! yi—(W;/2) Jx;— —(Wi/2) J-h
. di dy da dy. (34) : "T( )G, () y|y ; 02") d2’ dy’ da dy
y;+(W;/2) z;+L; yi+(W:/2) xi+L
With the vertical stub, a half-basis function is used at the end of jw i (W3 /2) L /z—(ﬂ 2) /h

the stripline and the coefficient of this basis function is the port int ,
current. Assuming that the vertical strip is electrically thin, we 115 ()G (zl2"; ylys 0|Z )6(<') de’ dy de dy.
can assume that the current at the half-basis equals the vertical (37)
current (see Fig. 8). Thus, the half basis function is referred to

as a “port basis.” As denoted in (3), the interactions between

port-basis (half-basis) and the regular-basis elements, which are VII. RESULTS

ct tec H
represented by th&®* andZ** submatrices, are To illustrate the difference between the differential and cir-

cuit port characterizations, consider the strip coupled slot an-

it (Ws)2) pmstDy pyidb(Wi)2) it tennain Fig. 6 witHy, = 50 mm, W = 2.5 mm,lgs = 30 mm,

et :jw/ / / / Ws = 2mm,lopr = 10 mm, i = 1.57 mm, ande, = 2.2.
vi—(W,;/2) Ja;—L; Jyi—(Wi2) Ja Details of the structure that is being used in developing the char-
@( )Ga int(x|$/. yly'; 010YTE (a') da dyf da dy acterization is shown in Fig. 7, where the .aned open stub is

3-mm long. In Fig. 11, the reflection coefficiebtyrrr (cor-

(W, /2)  pxj+L; i+ (Wi/2)  pxitL; . . . ..
R o/ )/ " /y oy )/ " responding t&Zprrr) is compared to the reflection coefficient
JW Sy~ w2 Sz vi—(W;/2) Jaz; I'por (corresponding t&porr) extracted using a stub deem-
I (& )Gglt(ﬂﬂ? S yly's 0|0)H§’( N da! dy' de dy bedding method. The propagation constant and characteristic

(35) impedance were determined analytically. Not surprisingly, there
is a significant discrepancy between the port and differential pa-
v y;+(W;/2)  pxj+L;  pyi+(Wi/2)  poitLy rameters. A problem with both stub deembedding methods is ac-
Z _Jw/ ) / / ) / counting for the fringing at the open-circuited stub. With both
vi=(Wi/2) e wi—(Wi/2) Ja deembedding methods, the end of the stub was considered to be
'm( )Ga,, ™ (@l2's yly'; 0|0)T7(2") da’ dy' dzdy  an open circuit. The error involved in this and the imprecision in-
u;+(W;/2) /wg+L /yz+(W /2) /wz-+Lz- herent in characterizing the transmission line (i.e., determining
Y xr

i i — L

w2 Z. and~) are responsible for the small discrepancy between the
) two procedures.

I () G5 (|2 yly's O|O)IES (o) d’ dly’ i dly. The central aim of this paper is to contrast the four differ-
(36) ential characterization procedures. The quarter-wavelength stub

Jw u;—(W;/2) i— Ly
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. to structures with ground plane, with appropriately chosen cur-
i A% \ rent basis functions, yields network characterization at differ-
J" \/ N \ ential ports. In this paper, four techniques were constructed for
10 | I ~ \\ transforming this characterization into the desired circuit port
AN : characterization. The techniques were all comparable and differ
0 | in terms of the additional structures required, affect on MoM
matrix size, and ease of implementation. With all of these con-
, siderations, the vertical stub method is preferred, but it results in
/ greater complexity in developing the Green’s functions behind
0° L / MoM analysis. Another contribution of this paper was the devel-
/ opment of the MoM EM analysis for a three-layer SSS structure.

Resistance (Ohms)

vertical stub

10 3 / - - - standing wave
— - — stub de—embedding APPENDIX

0 ] 5 3 1 5 5 = 8 A. Internal Region Green'’s Functions

FREQUENCY (GHz) The Green's functions of the region between the outer
conductive layers (see Fig. 9) are describedyy a Dirichlet

Fig. 12. Resistance of single-slot circuit. , . , .
g g Green'’s function, and-,,, a Neumann Green'’s function, both

200 of which are the solution of
venicf':\l stub
Z b desamedcing (V2 + k2 Gy n(r, 1) = —6(r, 1) (38)
100 | and satisfy either Dirichlet or Neumann boundary conditions at
- the parallel plates. The boundary conditions of the potentials on
£ the perfect conductor are
e}
8 0r ¢ =0 (39)
s B2
3 — =0 40
g o (40)
AxA=0 (41)
-100
Vn-A=0 (42)
AXVxF=0 (43)
200 ! ¥ s \ \ \ \ n-F=0. (44)
0 1 2 3 4 5 6 7 8
FREQUENCY (GHz) and the potential Green’s functions for the internal region are
then given by
Fig. 13. Reactance of single-slot circuit.
. 1
: GPt ==Ga (45)
deembedding procedure has already been contrasted above and ) €
will not be considered further as the long additional variable GR =p0Gy (46)
length of the stub is problematic. The real and imaginary com- G = oGy 47)
ponents ofZport for the stripline coupled slot antenna are Gi“zy e (48)
presented in Figs. 12 and 13 using standing-wave characteri- 1’; = Holn
zation, stub deembedding, and vertical stub methods. The three G, =1oGn (49)
methods yield consistent characterizations. The standing-wave it _ 1 a (50)
and vertical stub methods yield almost identical resistive char- LT
acterization (see Fig. 12). The three methods show larger vari- Q= _e@, (51)
ation when the port reactance is considered (see Fig. 12). This it
GF = —CGn. (52)

vy

is attributed to energy storage (i.e., reactance) associated with
the open stubs and the modification of the EM fields (again,LgaSing both modal and image representation, accelerated
reactive effect) caused by the vertical stub. The inductive effe§teen’s function series are obtained [21]

of the stub should be accounted for. In the paper, this is incor-

porated in the model of the active devices connected to the dig7,(r, r')

tributed network. ) 1 & e IRRLT kDT
=94 + E Z R + P +
VIIl. D ISCUSSION n=—o0 ™ ™
This paper has dealt with the port definition required to inter- _ . + eI (53)
face circuit and EM analyses. The MoM EM analysis applied R,~ P,



102

IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 49, NO. 1, JANUARY 2001

Gp(r, r') and
1 & e—JkRy LI g, (r, 1) 1 X . (o
N CONES A ) N psin| — (24 h)
9n + A n;oo < Rn+ Pn+ oz 4h? ot 2h
L —jkDPn™ nmw , ,
+ - T p- (54) X cos | o (z'+h) | Ko(anpe). (61)
n n
where
o Here,
1 s
m)(p ') = — Slll( z+h )
94" ) =50 nz::l 2 ¢ ) po = \/(a: — )+ (y—y)? (62)
X sin (—(z’ + h)) Ko(anp.) (55) 0o = Vo2 + 2 (63)
and
n\ 2
(m) / J (2) 1 An = (%) - k2 (64)
9 "(r, 1) = =2 Ho® (kpe) + 5 > (56)
=1
nw ! nw, , R, = \/PO2 +(z -2 — 4”h)2 (65)
x cos|{—(z+h)) xcos|{—(++h)
2h 2h _ ; / 2
- Ko(anpe). (57) R,” = \/po + [z -2 = (2n+ 1)2/1] (66)
The derivatives of the Green'’s functions with respect to the ver- Pt = \/pc2 +(z— 2 — 4nh)2 (67)
tical axis~ are
OGy(r, ') P, = \/pc2 + [z -2 —(2n+ 1)2h] 2 (68)
gz(m) L& K is the modified Bessel function of order 0 ang 0.
94 /
r, r — . .
Oz (v, )+ 4r n;m B. External Region Green’s Functions
on [ Gk 1 For the external region, the Green’s function are the well-
X S (z— 2 —dnh) x |e Ik JE ; .
P T pt " pid known solutions for half-space boundary conditions
i 7k 1 1 e Ikor
— e—JkRnJr < J >:| g;{t — 69
re R A T ©9
+ [z =2 — (2n 4+ 1)2h] ot _ex _ _ 0 o—iko
; m. =G =—1 (70)
N k 1 . vy .
—jkR., J 4 7
x| B2 + e
T T
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