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Miniature Multi-Element Antenna
for Wireless Communications

Luis Jofre Member, IEEEBedri A. Cetiney Member, IEEEand Franco De Flaviis

Abstract—\We present a novel broad-band miniature antenna and slot antennas. These planar configurations, though light-
and employ it in a multi-element geometry with diversity ca- \yeight and low cost generally suffer from narrow bandwidth,
pabilities for wireless communications. This antenna (diameter .\ ‘4 giation efficiency, or excessive directivity, and excessive

< 0.2 and thickness< 0.06 A\) consists of two stacked circular . .. .
patches that create two cylindrical slots resonating at two slightly Size for the new wireless personal applications. Additional ef-

different frequencies, fed by a strategically positioned coaxial fort is needed to further reduce actual geometries in order to
probe. An extensive parametric study and results for a prototype obtain miniaturized and electromagneticallyrobust designs (ac-

working at 5.2 GHz are presented. A multi-element geometry .4ing to fundamental size limits). A robust miniature geom-
with two or four of such elements follows. Microelectromechanical

system (MEMS)-based switches located within its geometry can €Y that can t_)e integratgd onto a I?C-Card, directly embedded
not only change the working frequency of the design, but also into a RF circuit, or combined with microelectromechanical sys-

activate a particular radiation beam depending on their specific tems (MEMS) for reconfigurable antenna applications [2]-[5]
location (resonant slot-aperture or feed line). Simulation results of is needed. Different solutions [6] for reducing size, increasing

a four-element antenna with dimension®.8 A x 0.8 A x 0.06 A . . e ; . .
and a frequency band operation from 5 to 6 GHz are presented b?‘”dw'dth’ or shaping th_e radlatlgn pattern, include usmg high
and compared to an experimental prototype. Circuit and radiation ~ dielectric constant material, shorting planes, stacked configura-

characteristics are discussed in terms of reconfigurability and tions, or surface etching.
diversity capabilities. Consequently, our work focuses on developing antenna
In(_jex Terms—Broad-band communications, diversity methods, geometries small enough to be eas"y accommodated in mo-
mobile antennas. bile communication terminals and devices. The broad-band
miniature antenna presented here is close in shape to the
|. INTRODUCTION dime coin and combines several downsizing techniques while

EPLOYMENT of next-generation wireless networks re?.XpIOItIng the range of fundamentgl limits to opt|m|ze_the
. . L size-bandwidth-efficiency compromise. The planar multilay-
quires systems with broad-band capabilities in high-mo- . - . .
" . o ered geometry consists of two stacked, air-filled or dielectrically
bility environments [1]. Applications range from personal com- , o
L ! : : embedded, circular patches that create two cylindrical slots
munications to home, car, and office networking. High data ratés

(100 Mb/s and above), high spectral efficiencies, and stron rg;sonating attwo slightly different frequencies, fed by a strate-
fading mitigation have ,to be achieved ' %lcally positioned coaxial probe. Design landmarks as well as

. . . impedance and radiation behavior of this novel antenna will be
Due to its particular role, the antenna has to simultane- i .

. : . . - analyzed in Section II. £-band model of the antenna has been
ously satisfy stringent requirements concerning geometric

characteristics (small size, light weight, adaptability to actuaFSlgned’ fabricated aqd tested for val!datlpn and prototyping
. . purposes and results will be presented in this paper.
platform, and nonobstructive to the user), electrical perfot-

. : - , : . A multi-element architecture based on the described radi-
mance (W'de. 'bandW|dth,' rac'h.auon pr(.)pert'les, high efﬁmencgting element is presented in Section Ill. The new geometry
regonflgurab|l!ty, and swtablllty f(.).r d|ver5|ty)- and mar?L-Jflac- onsists of several such antenna elements, integrated with a set
turing constraints (low cost, reliability, packaging capabilities it MEMS-like switches. located on specifi(’: points of the an-
Performance must not be degraded by environment (hand§et, ) )

enna geometry: either into the resonant aperture, to change the

ngpment, or human body) and the design must satisfy rad\'/\'?lérking frequency, or into the feeding line, to radiate a partic-
tion safety standards.

L - . ular beam. Simulated results for a four-element structure are

In existing built-in antenna schemes, much attention has been R o - .

. : : B(r]esented and its circuit and radiation characteristics are dis-
paid to planar structures such as microstrip, aperture-coupl . .

Cussed. To validate the previous results, measured return loss

Manuscript received June 26, 2001; revised October 7, 2001. This resea@hd mutual coupling for a first prototype of the four gdime are

was supported in part by the Spanish Government Visiting Scholarship Gragilso presented. Finally, the capability of the antenna to create
ref. PR2000-0305 0077531229, in part by the Broadcom Company ungﬁ‘f b ith . diati is di d
MICRO Grant 00-28, and in part by DARPA under Grant MDA972-00-1-000A1T€r€Nt beams with various radiation patterns is discussed.

L. Jofre is with the Electrical and Computer Engineering Department, Uni-
versity of California at Irvine, Irvine, CA 92697-2625 USA. He is also with
the Department of Signal Theory and Communications, Technical University ||, STRUCTURE AND CHARACTERIZATION OF THE SINGLE
of Catalonia, Barcelona, Spain (e-mail: ljofrero@uci.edu).

B. A. Cetiner and F. De Flaviis are with the Electrical and Computer Engi- MINIATURE DIME ANTENNA
neering Department, University of California at Irvine, Irvine, CA 92697-2625 We begi ith ti . £ isti .
USA (e-mail: bedri@uci.edu; franco@uci.edu). gin-wi a comparative review or existing size-

Publisher Item Identifier S 0018-926X(02)05442-X. reduction techniques. We then discuss the design process

0018-926X/02$17.00 © 2002 IEEE



JOFREet al: MINIATURE MULTI-ELEMENT ANTENNA FOR WIRELESS COMMUNICATIONS 659

TABLE |
CONTRAST OFMAIN PLANAR ANTENNA SizE REDUCTION TECHNIQUES
Performances = Geometrical: Circuital: Radiation Pattern:
Size Reduction Impedance Symmetry vs
Downsizing Technique U with respect to Bandwidth Low Cross
Resonant Size Polarization
Multilayered: 60 % 10 % High
fold, bend, stack , etc
Patch Etching: 50 % 7% Medium
slits, slots, notch, etc
Shorting Planes: 50 % 5% Low
walls, pins, etc
Material: 70 % 2% High
high dielectric, slow-wave, etc

including concepts for the new structure, the parametric ¢ A slot-radiating aperture to take advantage of the greater
characterization process and the practical aspects of the bandwidth of slot antennas—compared to the microstrip
proposed antenna. patch configuration—and its broader radiation pattern.

A. Downsizing Design B. Dime Antenna Geometry

During the last few years, several types of planar antennasl_he proposed antenna geometry and its equivalent circuit di-

have been studied and quite a large number of related %e— h in Fig. 1. Its ci ) .
. ) ) .~ agram are shown in Fig. 1. Its circular shape and size earn it

signs can be found in the literature [6], [7]. Each solution 'ﬁs roposed nameimeantenna [24]. It consists of two stacked
Ko “ |

intended to optimize a certain parameter, such as frequenc ;
. . L o circular patches, upper and lower, over a ground plane, with a
bandwidth, size, flatness, radiation pattern, polarization, efc, .
. . . . ) citcumference close ta/2. We propose a volumetric geom-
A number of interesting designs exist addressing some

these issues: folded configurations [8]-[11], surface etchir%:.y dlfferer)t from t.h at of a prlnted aptenna str'ucture. A sec-
. ; . . torial slit, with 8, being the slit angle, is etched into the lower

techniques [12}-[16], shorting walls or pins [17], [18], or high atch to reduce its size and control the impedance matchin

dielectric constant materials [19], [20]. However, there is diffip b g

; o : . level. This structure forms two planar radial transmission lines
culty in obtaining good electrical performance (bandwidth, r P

o ; . : . T3 rmed by three planes er patch, lower patch, and ground
diation pattern, gain) when reducing size, due to the minimum y plane (upper p wer patch, grou
lane) as shown in Fig. 1. The top transmission line starts at

radiation Q attainable, associated with their actual field di 1 coaxial feed point and is limited by the upper-cylindrical

tribution, in accordance with the radiation fundamental I|m|t§|0t with lengths, and its sectorial wall (or shorting wall) of
for small antennas [21], [22].

lengthw,,. Likewise for the bottom one, lower-cylindrical slot

In order to overcome this size-bandwidth limitation, we exv—vith length S, and sectorial wall ofuy. The upper and lower

amine the basics of electromagnetic foundations for small qgi/ers are of thickness, andh,, respectively. A coaxial probe

tenna behav.ior and h.ow different.e.xisting gepmetries affect J\t/ith a characteristic impedancs,, simultaneously feeds the
Table ! cl_assﬁy_the eX|st|ng dow_nS|z_|ng technlqge_s and SUMME, cylindrical slot antennas through two short transformers
rlzgs their bas!c geqmetrlcal, mrcunal and ra(.:hatmn (.:hara(?tenr{ade out of the two radial-like transmission lines described
gjic(:jz.lilr—‘]g;r.n this insight, we derive the following basic de&gabove with input impedancg&rm ahdZyl,z [Fig. 1(d)]. The
inner conductor of the coaxial feed line is attached to the lower
* A multilayered structure to obtain a double resonamatch passing through a hole on the ground plane to which the
behavior. outer conductor is connected. The sectorial slit etched into the
« Slitetching as away of increasing the electrical path whilg\yer patch forces current to travel from the feed point along
maintaining physical size. the circular slit and down to the ground level through the lower
* Short-circuiting walls to utilize the half-size reductionsporting wall. The placement of the coaxial inner conductor
factor. (dm,sm) sm being the distance from the circular patch center
* Dielectric loading, especially in packaged applicationgng the length of the sectorial slit8,} are key parameters in
for further size reduction at the cost of lower efficiency. achieving good input matching. The lengtis and.S; and the
In our case, a two-layer structure with air as filling materigbngth of the feed point-to-ground path define the resonant fre-
was selected in order to get small size while keeping a gogf@lencies. Detailed discussion on how these parameters affect
bandwidth and a practical design. Packaged solutions may e{itenna performance will be given in the next section.
ploy a higher permittivity dielectric [23]. This structure utilizes stacking (two layers), shorting wall
Additionally we have chosen the following. (two sectorial walls), and etching (circular slit on the lower
A circular geometry to achieve the best volumetric modalatch) techniques to achieve a good size-bandwidth com-
distribution in accordance with the minimum funda- promise. It radiates as two stacked circular slots, electrically

mental limit. equivalent to a vertical electric dipole, producing an almost



660

Fig. 1.

Upﬁer sectorial e sectorial
wa

IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION, VOL. 50, NO. 5, MAY 2002

k 2r; |
: . —— Upper patch
hI_ ; y
—— Upper sectorial wall X
P, —— Lower patch
Lower sectorial wall
Ground plane
AN
Coaxial feed
@
z
Upper sectorial wall —— air x(_'“ly
Lower sectorial wall — ™. Coaxial feed air
Jocation
(b)
z y
S. Upper slot
’ e X

Sectorial slit

feed point

wall
Upper patch Lower Patch

— C— o
Zy

Coaxial cable \Z‘f’fl'l

Ziri1

/ ’Zsl

(d)

Geometry of the proposelimeantenna. (a) Back view. (b) Side views. (c) Top views of the patches. (d) Equivalent circuit diagram.
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Fig. 2. Return loss of thdimeantenna as a function of the lower slot length
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Fig. 3. Return loss of thdimeantenna as a function of the layer thickndss,= h,.

omnidirectional pattern that is slightly upper-tilted due to thkaws that predict a wider bandwidth due to a higher consump-

stacked structure and shorting walls. tion of the volume fraction of the sphere enclosing the antenna
[25]. Finally, Fig. 4 shows the effect of slit length on the input
C. Characterization of the Antenna impedance of the antenna.

To validate the simulation, a test antenna at 5.2 GHz in-
Due to its complex geometry, a full-wave technique is reended for the next-generation Bluetooth frequency band was
quired to accurately describe current and field distributions dabricated and its circuital and radiation parameters were mea-
the antenna. A series of simulations based on the finite-ekred (see Fig. 5 for the specific dimensions). The antenna
ment method (Ansoft HFSS7) have been carried out to invesas built by etching a 0.3-mm-thick copper metal sheet to
tigate how sensitive resonant frequency, bandwidth, and inmlitain the three pieces (upper, lower, and ground) of the an-
impedance are to the different physical parameters of the a@nna. These were then soldered together with vertical walls
tenna. Figs. 2—-4 show how different slot length, layer thicke form the three-dimensional (3-D) miniature structure. Very
ness, and sectorial slit angle affect antenna performance. Figigddd agreement between simulated and measured results for
shows that resonant frequency can be tuned by changing shat return loss of the antenna are presented in Fig. 5. For a
lengths. The ratio of upper to lower slot length can be chosent® VSWR, 12% bandwidth is achieved and preliminary dual
achieve either single or dual-band behavior. Fig. 3 shows a 34nd behavior is observed. In order to characterize antenna
to 10% increase in bandwidth when the thickness goes up fraoverage, its radiation pattern was numerically simulated and
1.3to 1.5 mm. This is in accordance with fundamental radiati@xperimentally measured. Fig. 6 shows comparative results for
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Fig. 5. Comparison of calculated and measured return loss for the fabritiatedntenna.

the E-plane £— plane) and H-planexfw plane) radiation fix the main dimensions of the antenfig S.,, andr,, according
patterns, with very good agreement for both coporgnd to the following equations:

crosspolar ¢) components. In accordance with its geometry c

and size, the antenna exhibits a very uniform radiation pattern S = Q)
close to elemental dipole behavior, which makes it suitable 2=72‘1

for broad coverage applications. Finally, we performed a gain Su EZf )
measurement [26] using two different reference antennas, a S/JI; w

A/2 dipole and a\/4 monopole, which consistently gave a T =——(F . 3)

maximum gain of 2 dBi=0.2 dB. 2m

Based on the results from the numerical and experimeng&ihgle broad-band or dual-band behavior can be obtained as
parametric studies, it is possible to define an antenna-desiggeded by changing the relative distance between the two
procedure, consisting of three main steps. In the first step, r@sonances.
seen in Fig. 2, the lower and upper resonant frequengigs, In the second step, as seen in Fig. 3, the thickness of the two
and f,.,, based on the./2 resonance of the two vertical slots layers fixes the bandwidth of the antenna as follows.
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Fig. 7. Architecture of thgdimeantenna.

* The thicknessh, ;—,; and permitivitye; ;—, ; of each

of the two layers fixes the characteristic impedance,
Zort j=u,i, Of the lower and upper radial transmission
lines. The purpose of each radial-like transmission line
is to match, as a short-line transformer, the higher input
impedance of the ending slot anten#g; ;—,; to the
input impedanceZ;,.; ;—,,; of each of the two radial-line
parallel layers as seen from the feed point. In order to
get an initial guess fok; based on the equivalent circuit
shown in Fig. 1(d) and on the characteristic impedance e
of a radial transmission line [27] conditioned to our
geometry with a shape between the rectangular stripline

Co-pol (measured)
Cross-pol (calculated)
Cross-pol (measured)

Fig. 6. Comparison of calculated and measured radiation pattern for the fabuibaeantenna. (a) E-plane. (b) H-plane.

and the radial line, we can formulate the following rough
approximate relationship among our different parameters:

~ ErgTar (m—65)- VZLsjZirtj
hj = . (4)
2407

The final value forh; is determined by the requirements
on frequency bandwidth and radiation efficiency. A fun-
damental relationship [24] between the diameteofthe
sphere confining the small antenna, its maximum frac-
tional bandwidthBW and radiating efficiency; can be
written

®)

wherek is the wavenumber. This maximu@i¥’ value

has to be understood for every individual resonance in the
antenna. Therefore, for double resonance geometries, as
the dual bandlimeantenna, this upper limit has to be ap-
plied to each individual resonance. When the two reso-
nances are close enough to form a single band, due to the
electromagnetic coupling mechanism between the two ra-
diating slots, bandwidths larger than the predicted above
for a single resonance can be attained. The radiation effi-
ciency of the 3-D dime antenna will be close to unity since
losses are strongly related to the quality factor of the di-
electric making up and surrounding the antenna, which in
this case is air.

Based on the two previous steps a good matching-band-
width compromise for the antenna can be obtained when
h; liesinthe rang®.15 < h; /r, < 0.35.

BW .= (ka)?
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Fig. 8. Top views of the lower and upper patches ofddeneantenna.
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Fig. 9. Return loss of thgdimeantenna as a function af,.

In the final step, the dimension of the slit etched in the middIeig. 7 and is obtained by square-shaping the back of the antenna
patch, as shown in Fig. 4, fixes the overall impedance matchitgbetter fit the four-element geometry. Due to the intermediate

of the antenna. The angtg is chosen such that the total elecground plane connection of the two squared back faces, it also
trical path between the feed point and the ground plang4s has the advantage of having less mutual coupling and correlation

which is approximately factor when used in a multi-element antenna system capable of
providing separate channels for diversity combining.
o (14 6,) = é (6) Like the dime antenna, its structure consists of two planar
4

transmission lines formed by three planes (upper quarter patch,
lower quarter patch and ground plane) ending on two radiating
. M ULTI-ELEMENT MINIATURE ANTENNA slots, as in Fig. 7. In contrast to tidkmeantenna however, the
) ) ) i _ lower slot is horizontal to accommodate MEMS switches. Two
In.thls section we discuss the design of a novel mqlt|-eleme\/rgrtica| walls with lengthss, and heightsi, connect lower
architecture based on the geometry presented previously. 5 upper patches and determine upper slot lerfgth= S +
2[,, and upper layer height, (Figs. 7 and 8). Two horizontal
walls with lengthgw; and widthg connect the lower patch layer
The geometry of the dime antenna described above is changedthe ground plane. These walls go through the vertical wall
slightly to optimize it for a diversity system [28], [29]. Thissurrounding the lower patch and stretch from ground level to
new geometry, called quarter-dime anteraine, is shownin lower patch level with a height df;. This surrounding vertical

A. The Miniature Single Qdime Antenna
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Fig. 11. Comparison of mutual coupling as a function of orientation anddetween twajdimeantennas.

wall forms a horizontal lower slot where the horizontal comw; is increased (or lower slot lengt$y is decreased) the reso-
ponent of the electric field is confined and where the MEM8ant frequency increases as expected, while the higher resonant
switches will be located. The length of the horizontal lower slotrequency and its matching level remain unaffected. Similar re-
S; = S+21;, is determined by the horizontal wall length. The sults are obtained by varying,, while keeping other param-
slit structure of length, etched into the lower patch increasesters fixed. Fig. 10 shows that, controls the higher resonant
the effective electrical length of the antenna while decreasifrgquency. We note that whes, is chosen close ta; (or upper
resonant frequency. This allows miniaturization without sacrlot lengthS,, is close to lower slot lengtl;), the antenna has
ficing a good matching performance. single broad-band behavior. A bandwidth in the order of 20% is
First we investigate the effects of key design parameters swadhievable for the frequency band of interest (5—6 GHz).
as lower slot lengtttu(w,, ), upper slot lengths;(w;) and slit ) )
lengthl, on antenna performance. Similar to the dime antenr;, The Four Qdime Reconfigurable Antenna
an appropriate choice éf, S;, andS,, effectively tunes the an-  As a second step toward multi-element geometry, the interac-
tenna for dual band or single broad-band operation. This tunitign between two close identicgtimeelements is studied. A
behavior can be clearly seen in Fig. 9, where the length of thamerical analysis has been carried out to study the sensitivity
horizontal wallsw; controls the lower resonant frequency. Asf input impedance and mutual coupling to the relative angular
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Fig. 12. Top view of the lower-patch plane of the MEMS switch-tunable four-eleppintieantenna configuratiory, -, s, @4: qdime antennas. 1, 2, 3,
4: MEMS switches. ¢, = 5 mm,w; =4 mm,l, = 5.9 mm,h, = h; = 1.6 mm, S = 22 mm).
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Fig. 13. (a) Simulated return loss and mutual coupling for the fmlime
antenna system. (b) Measured return loss and mutual coupling between
gdime antennas of a fogdimeprototype.
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Fig. 14. Return loss for the MEMS switch-tunalgjdimeantenna.

position of a two-element antenna geometry. This analysis for
the two-element geometry shows the capability of the antennato
function with separation distances as close as an inter-element
center-to-center distance, in both E-plane and H-plane direc-
tions, smaller tharn /2, with a spacing between antenna edges
smaller thard.1 A. Fig. 11 shows mutual coupling(-) for dif-
ferent orientation angles. The interaction is lower when the
antennas are oriented with = 90°, where an optimal elec-
trical separation and field orthogonality is reached. For most
communications applications, such as spatial or angular diver-
sity techniques, low correlation coefficients between different
radiating elements require mutual coupling below 15 dB [30],
[31]. Our results show that for the actual interelement spacing
any «-orientation is suitable, allowing a variety of spatial ge-
ometries. Once the single- and two-element geometry were fully
characterized, a planar set of four elements was designed for
minimum space requirement, compatible with a mutual cou-
pling figure below 15 dB. Fig. 12 shows the actual dimensions of
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Fig. 15. Reconfigurable radiation pattern for the MEMS switch-tungtlmeantenna. (a) Copolar—z plane patterns corresponding to t@imeelement<);
andQ-. (b) Copolarz—y plane patterns corresponding to the palimeelement-combination(y; + @Q2) and Q1 — Q=).

the antenna for 5-6 GHz broad-band operation, with an overatbad-band operation, we placed shorting strip lii€s;{m x
dimension of 45< 45x 3.2 mn? (0.8 A x 0.8 A x 0.06 A at 200 pm in size) representing MEMS switches designed to con-
5.5 GHz). Fig. 13(a) shows the simulated return loss and muttiall the effective length of key-tuning elements. These lines
coupling results for this geometry. In order to validate the simvere located at lower patch level, spanning from lower patch to
ulation, a test prototype of the four gdime geometry of Fig. 1the vertical wall so that we can tune the length of the lower slot
was fabricated with a 0.3-mm-thick copper sheet using the satnechangingy;. When the MEMS switch is activated, its electri-
etching and soldering technique as explained in Section Il-€ally actuated mechanical membrane provides physical contact
Ports number 1 and 3 were fed by coaxial lines and ports numlbetween lower patch and vertical wall. Fig. 14 shows the corre-
2 and 4 properly terminated. Fig. 13(b) contains measured sponding simulated results obtained by successively activating a
turn loss of the port 1 and mutual coupling between ports 1 asgdecific number of switches. We show that this switching mech-
3 that show good agreement with the previous simulated resuétaism allows the operational frequency to be effectively tuned
A small discrepancy may have been caused by imperfect etchingr a 40% bandwidth. On the other hand, to study the recon-
process. figurability capabilities in terms of radiation pattern changes, a
To add frequency or pattern reconfigurability to the multi-elsecond set of MEMS switches were placed on the four-feeding
ement antenna, a set of MEMS switches can be strategicdihes (see Fig. 12). Using the four-antenna eleméntby acti-
placed in different locations of the antenna structure. To studgting the four switches, a spatiél{(, (02, @3, orQ,), polariza-
reconfigurability of antenna frequency range, either for dual tion (@1 + @3 or Q2 + Q1) or a combined spatial and polariza-
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tion diversity system can then be obtained. Fig. 15(a) shows thes]
copolarz—z planepatterns radiated by the antenna elentent

and@.. An additional complementary behavior can be obtaine

when the four switches are combined with £ phase shifter.
Fig. 15(b) shows two different copolary planesimulated pat-
terns that were created by sequentially feeding the antenna pa'tg]

(Q1,Q2) in-phase @, + Q) or out of phase®; — 2). The

results for different radiation patterns show different degrees of _ _
10] S. D. Targonski, R. B. Waterhouse, and D. M. Pozar, “Design of

pattern orthogonality, which make it suitable for radiation pat-[ 0

tern diversity.

IV. CONCLUSION

My

(8]

[11]

[12]

A novel miniature broad-band antenna structure having
attractive impedance and radiation characteristics has beery)
proposed for those communication applications where space
volume of the antenna is very limited. An extensive and detaile

numerical study has been performed to identify the effects o

4] J

key antenna elements on its performance. The results of this

parametric study were used to develop a general procedu
to design different miniature dime antenna geometries fo

e

specific applications and for operation at a specific frequency
range. A 5.2-GHz prototype based on calculated paramete?lse]
was fabricated and measured. Very good agreement between
measurement and simulation, for both input impedance and
radiation pattern, verifies the accuracy of the simulation tool”]
used as well as the robustness of the design procedure.
A slightly modified geometry was subsequently created and
optimized for compact multi-element diversity antenna archi-
tecture. Finally antenna reconfigurability in terms of frequenc
range and radiation pattern capabilities was studied using a sgb]

of strategically located MEMS switches. A four-element proto-

type with an overall dimension @f.8 A x 0.8 A x 0.06 A and
a frequency band operation in the Bluetooth range of 5-6 GHz

has been designed, simulated, and validated with a first exper[i2—2

mental prototype.
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