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Analysis of Multilayer Printed Arrays by a
Modular Approach Based on the
Generalized Scattering Matrix

Philippe Gay-Balmaz, José A. Encinar, and Juan R. Mosig

Abstract—n this paper, a modular technique is used to treat in- using a cascading process. This approach is very flexible for an-
finite multilayer printed arrays with apertures and patches of ir-  alyzing arbitrary geometries since the matrix that characterizes
e et (o o el o e each et s corpuied ndependenty, and s used s a bulding
layer stru%:ture is computed. The excitation of each element is mod- b!OCk for th-e a,n,alys's of multilayer structures. Using th,'? te(?h-
eled as a transition from the microstrip line to an aperture in the Nique, the individual problems for each array or transition in-
ground plane. The GSM of this transition is computed using the volves very simple two-layer Green functions and the number
reciprocity theorem and spectral domain moment method. Several of unknowns does not increase with the number of layers. An
arrays have been analyzed by the proposed technique and the nu- 54 itional layer only requires solving an additional two-layer
merical restu:tz a;re In good agreement with other theoretical and problem and simple matrix operations for the cascade process.
experimental fata. This modular technique has been successfully applied for the
analysis of frequency selective surfaces [4], and coaxial fed [5]
and cavity backed [6] printed arrays. These ideas can be directly
applied to line-feed arrays if the transitions from the microstrip
|. INTRODUCTION lines are also characterized by a GSM.

ANY antenna applications, like onboard systems for The GSM of the transition .microstrip line rectangular aper-
re was computed in a previous work [7] and applied for the

earth observation and communications, require vel i ; : : .
demanding specifications in bandwidth, efficiency and pola_-n_aIySIS of printed arrays. But the feed line was considered in-

ization purity. Printed antenna arrays can meet these string WE? for ';he GhS M comFutatmtn_ atn(lithe_ f!{mte Stub Iobr thet ex-
requirements and offer various other advantages due to IGikpUon of each array €lement IS taken into account by a trans-

weight reliability and ease of manufacture. But to achie\)E"SS'c;]n'“ne moldeI.Trﬁnsbmls_smp I;]negg;i/lequwalent C';CU't ap-
challenging specifications, complex multilayered arrays apfoaches are also at the basis of the treatment of aperture

usually required and the existing tools for their analysis aP@uDled ”?'CTOSF”F’ antennas pre;entgd in [8].
These limitations are removed in this work, where a modular

often not efficient or accurate enough to avoid cut and try. L s :
Large arrays are usually analyzed starting with an inﬁni@pproach based on the cascade of individual GSM's is applied

array model [1] and introducing the finiteness of the structuf8 anarl]yze theFt_ypel o;lmultilayer_aperture—poupled E rin7ted 8ar-
through a convolution or Fourier windwing technique [2]. ThEaYS shownin Fig. 1. AlSo, opposng to Previous works 7], 1 ].'
same procedure may be applied to more complicated Structwré%r,\rec.tangular qpertures are considered to 'mprove the coupling
like multilayered arrays with stacked patches, needed to enla‘E m|crpstr|p lines Fo the patches and. band\{wth [9], [10]. To
the bandwidth [3]. Characterize the_ excitation from the microstrip I|n_e, a ggne_ral
All the above techniques are global, solving the array probleﬁl;'lree'port GSMis computed that relates th(_a tW(.) microstrip line
at once. Consequently, they become quickly prohibitive and ports and the upper side of an array of arbitrarily shaped aper-

suited for parametric studies, where a change in a localized btér_es as the third port.

rameter forces us to completely analyze again the whole struc:rhe computation of the three-port GSM is described in Sec-

ture tion Il and the analysis of multilayer arrays by cascading the

We introduce here a full-wave modular approach that COH;_SM’S in Section Il. To validate the proposed technique, com-

sists of characterizing each array layer by a generalized SsdHtIsons between n_umencal and experimental results are_shown
Section IV and, finally, a three-array stacked structure is an-
lyz

Index Terms—Antennas, generalized scattering matrix, mi-
crostrip arrays, multilayered media.

tering matrix (GSM) and then analyzing the whole structurjag od
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(a) Three-port representation of the transition. (b) Two-port representation with
¥ port ¥ matched. (c) Equivalent lower problefa < 0). (d) Equivalent upper
problem(z > 0). (e) Power distribution in the three-port transition: microstrip
B line-slot.
] M H,,, = [dexp(—jfBy) — aexp(+jBy)|hn )
7
where3 is the propagation constant of the line.
0 X, ) ; Similarly, fields at port 1are written replacing by B-y in

(2), changing the sign di,,,, and replacing the complex ampli-
Fig. 2. Top view and verticala(z) cut of the microstrip-slot transition in a tudesa andd with o’ andd’. From the upper side an arbitrarily
periodic cell. incident field is assumed, which is expressed as a summation of

TE(1<I< L)and TM(L + 1 <1 < 2L) Floquet harmonics
aperture is considered in an array environment and, therefomth amplitudes:;. As is customary, subindexncludes all the
the mutual coupling among apertures on both sides is takeitlered pairgm, ») of Floquet harmonics, ordered as the cutoff
into account. However, in order to simplify the analysis and fisequency increases. The transverse:ftmcident electric field
allow flexibility for the excitation of the array elements, thds written as
feed line is assumed isolated from the lines in other cells, i.e.,

2L
the coupling between the feed lines themselves is neglected .
Ei = ] kacrnac k, n k,:/ <)) 3
as is usual in microstrip lines [1]. Since we wish to find a ;clel exp((  kyny + kaiz) )

generalized three-port description of the transition, we will
consider it simultaneously excited from the two microstrigimilarly, the transverse scattered electric field, which is un-
line ports and from the upper side of the slot as symbolicallnown, is expressed as
depicted in Fig. 3(a).

A quasi-TEM mode is assumed as the incident field at the mi- 2L )
crostrip line ports, propagating in thiey direction with trans- E, = Z bier exp(j(kam + kyny — kaz))- (4)
verse modal fields given bg,, = c¢;»X + c.nz andh,, = =1

hamX + h.m2, where the electric and magnetic field vectors ify, these equations, the expression of the figlis given by
the microstripe,,, andh,,, are normalized so that

0 oo ( [0
/ / (em xhy) -y dedz=1. Q) o = AB (

=0 _kynf( + ka}nly)
k%m + kgn

Assuming that the evanescent fields produced by the aperture

e . X ; forl <I<L 5
are negligible at the two microstrip ports, the fields can be 0 (®)
expressed as incident plus scattered fundamental quasi-TEM A/ B
modes. At port 1, the fields are written as e = ———— (kemX +kyn¥)

ka%rn + kgn

E,, = [dexp(—jfy) + aexp(+ify)lem { forL4+1<1<2L
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with tions B,; andB,;, with, respectively, amplitudes.; and c,;

as
{ kym = kosinfcos ¢ + 2nm /A = kyo + 2mw /A

kyn = kosin@sin + 2nrw/B = ko + 2nw/B. M — i Bk 4 i i By ®)
no = v/jo/<o is the intrinsic impedance of the free-spakg, =t =t
is the free-space wavenumbel, §) the usual spherical anglesThe electric field at the aperture is then obtained flBg), =
characterizing the direction of the incident or radiated antenpax M. From the upper side, an arbitrarily incident and scat-
beam that corresponds to the= 1 (m = n = 0) space har- tered fields are assumed, expressed as a summation of Floquet
monic. Using the fields normalized as in (5), the power trankarmonics given in (3) and (4). The scattered fields include both
mitted by thel space harmonic igy/Z;, whereZ, is the mode the field reflected by the metal plane and that produced by the
impedance. magnetic current.

To compute the three-port GSM of the transition relating the
amplitudes of the incident and scattered modes at the three pdets Reciprocity

we will consider different properties and conditions as described), the |ower half-space we apply reciprocity between the inci-

in the following subsections. dent and total fields in the microstrip, as in [LJ}(E x HT) -

ds = [4(ET x H) - ds, where the closed surfacgis com-
A. Definition of the Three-Port GSM for the Transition posed by the two planes= 0 andy = B, the infinite surface
Microstrip Line Slot for the half-space < 0, and the ground plane. The expres-

By applying superposition, we need only consider theions of the incident electric and magnetic field are given by
excitation from one microstrip port, assuming the other beidgt = em exp(—jfy) andH* = h,, exp(—;jfy). The total
matched, as shown in Fig. 3(b). Under these conditions, Weld aty = 0 is expressed by (2) and at= B by the equa-
consider a GSM that relates the quasi-TEM waweé at port  tions of the quasi-TEM mode propagating towarst with am-

1 of the microstrip line, and the Floquet harmonigsc; above plitude o’. After applying reciprocity, the amplitude of the re-

the aperture defined as flected mode in the microstrip lineis obtained as a function of
the transverse electric field at the aperture as follows:
a _ 511 S12 d (6)
B Sa21 S22 | |C|° a=3 / (Eop x hy,,) - 2exp(—j2y) ds. 9

ap

C = |¢] andB = | are column matrices of dimensions - . : C .
[2L x 1] with coefficients defined in (3) and (4), respectively'fa‘frt_rir substitutingE,,, by its expression, (9) is written in matrix

S11 is the scattering parameter for the quasi-TEM at port 1 0

the microstripS2; is a[2L x 2L] square matrix, anfl;» (S2;) 0= —PA (10)
is a row (column) matrix. Similarly, the excitation can be con-

sidered from the second port of the microstrip, denoted herewaisereA is a column matrix containing the unknowas; (i =
1, assuming the port 1 matched and another GSM matrix wouldZ,.) anday,; (¢ = 1,1,), andP* is a row matrix of elements,
be obtained with elemens;, S/,, S5;, andSs,. From these p,; andp,; given by

GSM'’s, the three-port GSM is obtained as follows:

Pti = % / Bnhtnl eXP(_MjZ/) dx dy7 t= x,Y (11)

a Sll t Slg d S
/ — t S/ S/ d 7
% S S/ll S; C ) wherec; is the surface of theth rooftop andhg.,, hym the
21

magnetic field components of the quasi-TEM mode in the mi-

wheret is the transmission coefficient for the quasi-TEM modé&rostrip. The integration in (11) has been reduced to only the
assuming no incidence from the upper si@@= 0). Note that aperture above the line, because the fields, and ., de-
if d (or d) is equal to zero, (6) is obtained. crease rapidly with the distance from the line.

Using the Fourier transform as defined in [1] and expressing

ham andh,,, as a function of Green’s functions (assuming only
y-directed current in the microstrip line) one can express the
coefficientsp,; andp,; as

B. The Lower and Upper Half-Spaces

For the computation of the two-port GSM, assumifig= 0,
we define two auxiliary problems in the upper > 0) and

lower (z < 0) half-spaces by closing the ground plane and R T A e BrEHIG
replacing, as customary, the slot by equivalent magnetic currents ¥~ gz2 oo S Tty Ty TR Y
[see Fig. 3(c) and (d)]. t==x,y (12)

The arbitrarily shaped aperture is replaced by a magnetic cur- ~
rent distribution on a metallic plane, wil¥l on the upper side The sign* denotes the complex conjugaté,,, is the current
and—M on the feed side in order to enforce continuity of thdistribution of the microstrip quasi-TEM modé3,(,); and
tangential electric field. The magnetic current is expressed a& T;)y are thez(y) components of the basis and dyadic
summation ofz- andy-directed rectangular rooftop basis funcGreen’s functions expressed in the spectral domain.
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Reciprocity is also applied between the total fields in the mandZ is the typical impedance matrix of the method of moments
crostrip and a mode propagating towargt, on the same closed
surface as before [11} (E x H™) -ds = [((E~ x H) - ds . N an o amm . L AEM. s
resulting in Rhq = AB Z Bsk . (Gdsr + 5 Gh 51’) : B?‘i (20)

r 't .
o = (d+P"A)exp(—jfB) (13) wherer and s represent the andy components of basis and

Green'’s functions as follows: if < ¢,k < I,,r,s = z, and

if I, +1< 4,k <1, + 1, thenr, s = y. (The expressions of

é e Green'’s functions are given in the Appendix.) The numer-
side. As can be seen from (7), the transmission coeffidiét ical computation of coefficients;! is performed using several

directly obtained from (13) with no incidence from the uppe?ymmegies' as described in [12], to save computer time in the
side(C = 0),t = da’/d. summations.

whereP”’ is the same a®, but replacingB by —B. 4’ is the
amplitude of the microstrip mode at= B, which is generated
by both the excitation from the microstrip and from the upp

D. Continuity of Magnetic Field at the Aperture E. Identification of the Scattered Field

From the microstrip side, the transverse magnetic field pro-'N the regionz > 0, the transverse electric scattered field
duced by the magnetic currentM, defined in the arbitrarily Can be expressed as the summation of the field reflected from

shaped aperture at= 0~ is given by the ground plane included in the excitation field plus the field
generated byM
1 & - :
Hom = AB Z GdHM'(_M) exp(j(kema+kyny)). (14) 2L
=1 E, =- Z 1€y exp(j(kacrnx + kyny - kzlz))

Similarly, the transverse magnetic field produced by the mag- =t oo

netic currenfM on the upper side of the aperture = 01) is + 2 Z GEM M

expressed as AB &

: eXP(j(kwm + kyny - kzlz))- (21)

G Mexp(j(ksma + kyny))  (15) o o o .

1 Identifying with (4) and testing in the periodic cell using the

R R conjugate transverse electric field for the space harmonics, the
where GE™ and 2GT™ are the transverse dyadic Green'$ollowing matrix equation is obtained:

functions for the feed dielectric substrate and the upper

K

2
Hpy = —
M AB

medium, respectively, in the spectral domain. The presence of B=-C+ VA (22)
the coefficient 2 is due to the use of the Green’s function for a
homogeneous medium by applying image theory. In this equationV is a matrix of dimension®L x (I, + I,,)],

The excitation field at = 0* from the upper medium is the where the coefficient;; represent the electric field produced
incident and reflected field on a ground plane (without magnetiyy the: basis function tested by the modal field of thie space

current) harmonic as given by
2L 2 5 EM .
H, =2 ch; exp(j(kame + kyny)) (16) Vi = e (G - (Brix)), for1<i<I,
=1 )
2 o -
i =——e - (GFM . (By:¥y
whereh; is the transverse magnetic field for therE (TM) e 170 e (G (Byiy)

Floquet harmonic associated with thefield given in (5). The forl,+1<¢ <1, +1,. (23)
condition for the transverse magnetic field is equated as
The expressions of the Green’s function are given in the Ap-
H +Huy=H,, + H_nM. (17) pendix.

Substituting (2), (14)—(16) into (17) and performing a Galerkip Computation of the GSM

testing procedure, we obtain the matrix equation . o ) oo
Assuming the incidence separately from the microstrip line

Pd— P'a— QC = ZA. (18) (C = 0) and from the upper half-spa¢® = 0) in (10), (18),
and (22) and after some algebraic manipulations, the GSM is
In this equationQ is a[(Z, + I,) x 2L] matrix, where the ele- obtained
mentq;,; represents the transverse magnetic field of tHequet

—1 -1
harmonic tested with the basis function as given by S, = _—P'Z7P S, = _Pz7Q
’ 1-PZ-1P/ 1-PZ-1P/
gu=Byx-h, forl<k<I, So1 =VZ 1P - P'Sy)

=By -h, forl,+1<k<IL+I, (19 Sy = —T-VZ ' (P'S12+ Q). (24)
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G. Transmitted Power at the Three Ports given by (28) and we obtain a matr&T. This matrix relates

The transmitted power at the three ports of the transition, B incident and reflected mode at the microstrip line with the
shown in Fig. 3(e), can be computed directly from the ampfgMPlitudes of the Floquet harmonics on the upper layand
tudes of the propagating modes at each port, i.e., from the cdmwhich represent the incident, if any, plus the scattered fields.

parameters and the incident fields. Assuming only a normaliz&§€S€ amplitudes give directly the near fields by substituting
incident field at port d = 1, & = 0, C = [0]), the transmitted them in (3) and (4) and allow the computation of the active ele-
power at the two microstrip ports is ment patterns as shown in [13]. The reflection coefficient for the

quasi-TEM mode at port 1 of the microstrip lis, gives the
Pi=(1—|Sul}), Pv=ld] (25) active reflection coefficient of the infinite array and, therefore,
the active input impedance. Matr&’ also provides the power
P, is the power entering the periodic cell from port 1 afd ~ transmitted at port 1 and the radiated power in a cell, using (25)
the power going out of the cell along the microstrip line. T§"d (26) respectively. The back-radiated power can be obtained
compute the amplitude’ from (13), first the amplitudes of the ToM the conservation of power. . .
rooftop basis functions for the magnetic currdninust be ob- T he active inputimpedance can also be derived using a trans-

tained from (18). The power radiated to the upper side throu ission-line equivalent circuit as described in [11]. In this case,

. . . . !
the arbitrarily shaped aperture is expressed as a function of g Portl’ is assumed matched and the aperture plus the stacked
Floquet harmonics as follows: patches in a periodic cell is represented from the microstrip line

as a series impedanggein a transmission line. The GSM given

in (6) is used for the cascade process with the other GSM's , and
(26) aglobal GSMST™ is obtained under matching conditions. This

matrix gives the input impedance and, by identification with the

transmission line model, the value &f

2L

b2
Py = ke [z Uk
= 4

where Z; is the modal impedance féth harmonic. Note that

only the propagating modes contribute to the power in (26). To

compute the amplitudé€s, A must be substituted in (22). IV. RESULTS
The power lost in a periodic ceff,,.x due to the back radia-

tion (the radiation of the microstrip line inthe< 0 half-space)

cannot be computed directly, but can be obtained from the ¢

servation of power, which is equated as

In order to check the validity of the proposed modular tech-
cmgue, numerical results for several infinite printed arrays are
compared with other experimental and theoretical results avail-
able in the literature and with measurements performed with a
Pyt = Pi — Py — P @7) waveguide simulator in our laboratory including a mul_tilayered

array. For each array, the convergence of the numerical results

has been checked by varying the number of basis functions and
Floguet harmonics.

The first structure considered is the basic three-port transition

A three-port GSM has been computed for the simple tranéi an array environment, as analyzed in the preceding theory.
tion microstrip line-slot in an array environment, but the excitdt consists of al-shaped aperture, etched on the ground plane
tion of each element in practical arrays include a finite stub tf a matched microstrip line, radiating into $&band wave-
match the active input impedance. In this section we include thaide simulator. The periodic cell is shown in Fig. 4(a), where
effect of the finite stub by terminating the pdftby a reflection all dimensions are given in millimeters. The structure has been
coefficientpy,. Therefore, the amplitude of the mode incident afuilt and measured and the magnitude of the scattering parame-
portl’isd’ = pra’. Introducing this relation in (7), a new GSMters is compared with the theoretical predictions in Fig. 4(b). A
is obtained that characterizes the feed from port 1 to the uppery good agreement is observed between numerical and experi-
side of the aperture, including the effect of the finite stub. Theental results, particularly in reflectéd;; ) and radiatedS2; )

I1l. ANALYSIS OF MULTILAYER APERTURECOUPLED ARRAYS

coefficients of this matrix are given by or transmitted to the waveguide simulator power. The slight dis-
) crepancies in the transmission from port 1 toculd be ex-
£ _ t°pL £ torS1s plained by the fact that an infinite array of apertures has been
511—5114‘7/ 812—812+—/ . . . . . . .
1-S4pL 1-5110L considered in the theoretical computation, while in the experi-
§f _g Shitor §f _g 51801 28 mental setup, there is only one aperture from the microstrip side
21 = P21+ 1—-S,p, "2 22+ 1- Sl o0 (28)  pecause only the upper half-space is inside the waveguide sim-

ulator. In this prototype, the aperture is large and mutual cou-
Note that if portl’ is matchedp; = 0, this matrix coincides pling in the microstrip region, included in the computations but
with that defined in (6). not in the measurements, may not be negligible. The back-ra-
For the analysis of a multilayer printed array as shown iiated power can be obtained from the conservation of power.
Fig. 1, the GSM of each patch array is computed assuming arbér example, at 5 GHz the measurements indicate that the 49%
trarily incident fields from both sides expressed as a summatiofithe incident power is entering at port 1, 16% is transmitted
of Floquet harmonics, as described in [4], and cascaded to obtairthe waveguide, 6% to the port,-and 29% is the dissipated
the overall GSM of the stacked array [4]. The resulting matriand back-radiated power. It must be noted that this structure has
is cascaded with the GSM of the transition microstrip line-sldteen designed primarily to validate the method of analysis and
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Fig. 4. Infinite array of apertures of noncanonical shape. (a) Geometry of a
periodic cell. (b) Magnitude of 14, t, and.S.,. Measurements and theory.  Fig. 5. (a) Dimensions and (b) active input impedance in the band 3.45-3.85
GHz for the structure presented in [1] (** theory in [1], ++ this theory).

the back-radiated power is large due to the large aperture in the
ground plane.

The second structure is a one-layer printed array of aper-
ture coupled rectangular patches previously studied by Pomaagnetic current and zero for thecomponent. The number
[1]. A periodic cell of this array is shown in Fig. 5(a) with allof Floquet harmonics used in the cascade process is 200 (100
the dimensions. By means of the proposed method, the GIMI and 100 TE). The GSM of this transition is then cascaded
of the microstrip line/slot transition is evaluated assuming postith the GSM of the interface including the rectangular patch
1’ matched. It has been checked that the input impedance abray. In this way, the GSM of the whole structure is found and
tained fromST™ together with the transmission-line model, irthe input impedance derived. The theoretical values for the ac-
this case, practically coincides with that obtained using (28)ve input impedance between 3.45 and 3.85 GHz are given in
For the calculation, the periodic cell is discretized into 36 Fig. 5(b) and compared with the theoretical results of [1] with
34 grid and nine unknowns are used for #ieomponent of the excellent agreement.
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‘ of the substrate permittivities and variations of the different di-

Y d5=0.8 mensions. The results have shown small variations ingheg

and resonance frequency that also justify the discrepancies with
measurements.

To prove the capabilities of the proposed method, a
three-layer stacked patch array has been designed to have a
very large bandwidth, built and measured with a waveguide
simulator. The design was performed by analyzing the multi-
layer structure with only one patch array at a time, and studying
its resonance separately. Then, the three patch arrays were
considered simultaneously and the resonance behavior changed
slightly from the individual cases. After a small adjusting of
the patch dimensions, a 45% bandwidth for a VS\WWRL.6
0 i 22,96 " was obtained. The periodic cell of the array is depicted in
g Fig. 7(a). For the analysis, the aperture in the ground plane is

modeled considering 42-directed and 3%-directed magnetic
currents as for the structure studied before. On each of the three
6.4 patches, 3&-directed and 3%-directed electric currents have
been used. The computer run time was 18 s per frequency on
a Pentium Il 400 MHz, using 100 Floquet harmonics for the
: cascade process. For the line-aperture transition, the computer
< time is 4 s and the total time increases linearly with the number
of layers. The comparison between the measurements and the
(@ simulations between 3.5 and 5.75 GHz is given in Fig. 7(b)
for the reflection coefficient. The measured bandwidth is 50%
: : : : o+ for a VSWR< 1.8. In this frequency band, the radiated power
%, + + x X (transmitted to the waveguide) is maintained between the 77%
¥ § - x * and 94% of the incident power, while the back-radiated power
P* : ML is less that the 16%. As for the previous prototype, a good
' R RS S o agreement is obtained for the central frequencies and the two
: * : : loops are well reproduced. The frequency shift (5%) observed
............... experimentally can be due to fabrication tolerances or the
| : : : absence of the aperture array in the prototype.

Foam &,=1.07 | tgo=8x10
1 | d;=051
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V. CONCLUSIONS

)
N
W

A very flexible modular technique has been proposed for the
: : : : analysis of aperture-coupled stacked printed arrays, including
85 9 95 10 10.5 apertures and patches of noncanonical shape. The technique is
based on the computation of a GSM for each array interface,
including the excitation from a microstrip line and on a later
(b) cascade process to analyze the whole multilayered structure.
First, the excitation of each array element from a microstrip
Fig: 6.. Printed array 'measured ina wa_lveguide_ s_imulator. (a) Geometry ofjge through an aperture has been characterized by a GSM. The
'?ff'f %%gzﬂ}é?%xfgfnﬁuffh?sf m‘;gfy)‘?amn coefficient from 8.10 105 GHay o o retical developments for the computation of the GSM of the
microstrip line-slot transition have been exposed. Then, mul-
tilayered periodic structures have been analyzed by cascading
Once the method has been verified, more sophisticated striteratively the GSM of the individual interfaces considered as
tures can be analyzed. For example, printed arrays with apewilding blocks. Results for reflection coefficient have been
tures and patches of noncanonical shape have been studied fsesented for several arrays, showing a good agreement with
Fig. 6). The structure shown in Fig. 6(a) has been measurediher theoretical and experimental data. A broad-band array
a wave-guide simulator at the Swiss Federal Institute of Techith three patch layers has been designed by using the proposed
nology. Fig. 6(b) shows the measured and computed modulesaxthnique, built and measured in a waveguide simulator.
S11 and demonstrates the good agreement between our theorJhe proposed technique can be used to compute power
and the measurements. The slight discrepancy could be duatiaeach port and the back-radiated power, the active input
the use of epoxy, an anisotropic, lossy, and badly characterizeghbedance, and the active element pattern. Also, near fields
medium, as the upper substrate. A sensitivity analysis has bean be directly computed from the amplitudes of the Floquet
performed for a similar array, taking into account the toleran¢ermonics above the array. This modular technique is very

o)
)

Frequency [GHz]
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Green'’s functions of (12)

éHJ_€7‘lk21 kZQ COS(k‘Zl d) +][(k‘% — k§)€7’1 — k‘i] Sin(k‘zl d)
Ty

T€ Trn

GHJ_Jk ky(ey(er1 — 1) sin(k.1d)

1.7,
with
T. =k COS(kzld) + jk.o Sill(kzld)
T = €¢r1k.o COS(k‘Zld) + jk.1 sin(kzld)
and
]Cg = 67,1163 — ki - kz
Kh = 2 K2 k2

wherek is the free-space wavenumbeéris the height of the
dielectric substrate, and, its relative permittivity.
Green’s function of (20)

e = &)™ s sam = (GhG T
GTyw GTyy
— < GTuu +'7 GTLL ,Wi(GTbb GTuu )
WK(GTLL GTuu) GTuu 2GHW

—ko |:€7’3 €1
G -
T 200 Lkwa  ka
k1 cos(ko1d) + jkaoe,q sin(k.id)
Trn
-1
G VU T o
o 2komo
k,:/l (kZQ COS(k‘Zld) + ]k,:/l Sln(kzld))
kz3 + .
T,
In these equations, tHE and7;, are those defined above and
k2, = e.3k3 — k3 — k2. Dyadic Green’s function of (23)
SEM 0 —1/2
G = <1 /2 0. )

The authors would like to thank Y. Brand and R.C. Hall for

providing some experimental results.

(b)

Fig. 7. Broad-band printed array, including three stacked patches of
noncanonical shape in each periodic cell. (a) Geometry of a periodic cell. (b)
Input impedance from 3.5 to 5.75 GHz (— measurements, - - - - theoretical
results).

appropriate for parametric analyses and design procedure
since the effect of changing one parameter only affects one o
the individual GSM’s.

APPENDIX

This Appendix lists the required Green’s functions. The wave
numbers used here are defined according to Fig. 2.
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