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Microstrip Antennas Integrated With Electromagnetic
Band-Gap (EBG) Structures: A Low Mutual
Coupling Design for Array Applications

Fan Yang Member, IEEEand Yahya Rahmat-Samkellow, IEEE

Abstract—Ultilization of electromagnetic band-gap (EBG) struc-  tual coupling of microstrip antennas, as shown in Fig. 1. To ex-
tures is becoming attractive in the electromagnetic and antenna plore the surface-wave suppression effect, the propagating fields
community. In this paper, a mushroom-like EBG structure is ana- ¢ o jnfinitesimal dipole source with and without the EBG
lyzed using the finite-difference time-domain (FDTD) method. Its . . - .
band-gap feature of surface-wave suppression is demonstrated by s_tructure are simulated and compared using the finite-difference
exhibiting the near field distributions of the electromagnetic waves. time-domain (FDTD) method [15], and a frequency stopband
The mutual coupling of microstrip antennas is parametrically in-  for the field propagation is identified. Furthermore, the prop-
vestigated, including both the E and H coupling directions, dif-  5qating near fields at frequencies inside and outside the band

ferent substrate thickness, and various dielectric constants. It is . .
observed that the E-plane coupled microstrip antenna array on a 9aP aré graphically presented for a clear understanding of the

thick and high permittivity substrate has a strong mutual coupling ~ Physics of the EBG structure. It is worthwhile to point out that
due to the pronounced surface waves. Therefore, an EBG structure this band-gap study is closely associated with specific antenna
e e iy it i et SuBng-appcalons Such a5 MITOStTpantenasand ey
perimental results. As a resul{ a significant 8 dB mutual coupling Applications of mlcrosmp, an_tennas on high d'_ElleCt”C Con'_
reduction is noticed from the measurements. stant substrates are of special interest due to their compact size
Index Terms—Electromagnetic band-gap (EBG), finite-differ- apd s:onformability with the mor?cl)lith.ic microwave ir}tegrat-ed
ence time-domain (FDTD) method, microstrip antennas, mutual Circuit (MMIC). However, the utilization of a high dielectric
coupling, surface wave. constant substrate has some drawbacks. Among these are
a narrower bandwidth and pronounced surface waves. The
bandwidth can be recovered using a thick substrate, yet this
excites severe surface waves. The generation of surface waves
N RECENT years, there has been growing interest decreases the antenna efficiency and degrades the antenna
utilizing electromagnetic band-gap (EBG) structures ipattern. Furthermore, it increases the mutual coupling of the
the electromagnetic and antenna community. The EBG teintenna array which causes the blind angle of a scanning array.
minology has been suggested in [1] based on the photoSigveral methods have been proposed to reduce the effects of
band-gap (PBG) phenomena in optics [2] that are realized byirface waves. One approach suggested is the synthesized
periodical structures. There are diverse forms of EBG structur@shstrate that lowers the effective dielectric constant of the
[1], [3], and novel designs such as EBG structures integratedbstrate either under or around the patch [16]-[18]. Another
with active device [4] and multilayer EBG structures [5] havapproach is to use a reduced surface wave patch antenna [19].
been proposed recently. This paper focuses on a mushroom-fikg EBG structures are also used to improve the antenna
EBG structure, as shown in Fig. 1. Compared to other EBgerformance. However, most researchers only study the EBG
structures such as dielectric rods and holes, this structure b#scts on a single microstrip antenna element, and to the best
a winning feature of compactness [6], [7], which is importardf our knowledge there are no comprehensive results reported
in communication antenna applications. Its band-gap featufes antenna arrays.
are revealed in two ways: the suppression of surface-waverhe FDTD method is developed to analyze the mutual
propagation, and the in-phase reflection coefficient. The fegoupling of probe-fed microstrip patch antenna arrays. The
ture of surface-wave suppression helps to improve antenngigulated results agree well with the experimental results in
performance such as increasing the antenna gain and redu¢am). Then, the mutual coupling of microstrip antennas is para-
back radiation [8]-[11]. Meanwhile, the in-phase reflectiometrically investigated, including both the E- and H-coupling
feature leads to low profile antenna designs [12]-[14]. directions, different substrate thickness, and various dielectric
This paper concentrates on the surface-wave suppressiorcghstants. In both coupling directions, increasing the substrate
fect of the EBG structure and its application to reduce the mthickness will increase the mutual coupling. However, the
effect of the dielectric constant on mutual coupling is different
Manuscript received January 29, 2002; revised November 25, 2002.  at various coupling directions. It is found that for the E-plane
The authors are with the Department of Electrical Engineering, Universj@bup|ed cases the mutual coupling is stronger on a high
of California at Los Angeles, Los Angeles, CA 90095-1594 USA (e-mail; s s
yofn@ee.ucla.edu; rahmat@ee.ucla.edu). permittivity substrate than that on a low permittivity substrate.
Digital Object Identifier 10.1109/TAP.2003.817983 In contrast, for the H-plane coupled cases the mutual coupling
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A mushrrom-like EBG structure A microstrip antenna array
EBG characterization: Mutual coupling comparison:
Surface-wave suppression effect Coupling direction, permittivity, thickness
Result 1: Result 2:
The EBG structure shows a distinct stop Due to the surface wave, some arrays
band for surface-wave propagation. exhibit strong mutual couplings.

The integration of the EBG and the antenna array.

4

FDTD simulation and

Experimental demonstration

1 !

Conclusion: The EBG structure can be integrated with

microstrip antenna arrays for low mutual coupling.

Fig. 1. Integration of the EBG structure with microstrip antenna array for reduced mutual coupling.

is weaker on a high permittivity substrate than that on a lovil. BAND GAP CHARACTERIZATION OF THE EBG STRUCTURE

permittivity substrate. This difference is due to surface waves_l_he mushroom-like EBG structure was first proposed in [3].

p_ropagatlng along th_e E-plane _d|rect|on, which can be easltyconsists of four parts: a ground plane, a dielectric substrate,
viewed from the provided near field plots.

To reduce the strona mutual counling of the E-plane COmetallic patches, and connecting vias. This EBG structure ex-
. . 9 -oupiing ¢ piar Hibits a distinct stopband for surface-wave propagation.

pled microstrip antennas on a thick and high permittivity sub- The operation mechanism of this EBG structure can be ex-

strate, the mushroom-like EBG structure is inserted betwe ined by an LC filter array: the inductdr results from the

antenna elements. When the EBG parameters are properly tent flowing through the vias, and the capacitadue to the

signed, the pronounced surface waves are suppressed, resu ngeffect between the adjacent patches. For an EBG structure

in a low mutual coupling. This method is compared with prez..h, patch widthiW, gap widthg, substrate thicknessand di-

vious methods such as cavity back patch antennas. The EBG iric constant, , the values of the inductdt and the capac-

structure exhibits a better capability in lowering the mutual coyy,  gre determined by the following formula [21]:
pling than those approaches. Finally, several antennas with and

without the EBG structure are fabricated on Rogers RT/Duroid
6010 substrates( = 10.2). The measured results demonstrate L =poh Q)
the utility of the EBG structure, and this approach is potentially Weo(l+ €) 1 (2W +g

_ HiEt C=—"2"""""cosh e (2
useful for a variety of array applications. T g
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wherey is the permeability of free space anglis the permit- Infinitesimal
tivity of free space. dipole source Reference plane

Reference [21] also predicts the frequency band gap as

®3)

==z (4)

wherer is the free space impedance which 2.

These formulations are very simple; however, their results are
not very accurate. For example, this model does not conside
the via’s radius information. An accurate but complex model T T
using the theory of transmission lines and periodic circuits can ground plane vias
be found in [22]. Some other methods such as reflection phase @
characterization have also been utilized to identify the band-gap
features [23].

In this paper, to accurately identify the band-gap region and ‘
understand its properties comprehensively, the FDTD methoc  _p},- YN i
is used to analyze the band-gap features. The computatione P ey ‘ N "~
code developed in UCLA is based on a Cartesian grid cell with g ‘
the perfectly matched layer (PML) boundary condition. A uni- & —47 &
form 0.02 s cu, (Ag gu, IS the free space wavelength at 6 NE
GHz) discretization is used. An infinitesimal dipole source with jur
a Gaussian pulse waveform is utilized to activate the structure

patches substrate

_6t

in order to obtain a wide range of frequency responses. --- 2rows

Fig. 2(a) shows an FDTD simulation model: the infinitesimal _af 4 rows .
dipole source surrounded by the mushroom-like EBG structure. -+ 6Brows
The dipole is chosen to be vertically polarized because the E — 8rows
field in microstrip antenna applications is vertical to the ground —104 5 é 7 é 9
plane. As an example, two rows of EBG patches are plotted in Freg. (GHz)
Fig. 2(a). In FDTD simulations four rows, six rows, and eight ()

rows of EBG patches are all simulated and compared.

. . . . Fig. 2. EBG structure is analyzed using the FDTD method: (a) simulation
The EBG structure analyzed in this section has the foIIowm&dd a y E (@)

nd (b)E|? at the reference plane. Th&|? of various EBG cases are

parameters: normalized to th¢E|? of the conventional case.
W =0.12X¢ Gz, 9 = 0.02X6 GHz, where S is the vertical reference plane whose boundary is
h =0.04X¢ GHyy € = 2.20. (5) plotted by the dashed line in Fig. 2(a).

Fig. 2(b) plots thg E|? of various EBG cases and they are
The vias' radius is 0.00%¢ gu,. The ground plane size is keptnormalized to the@r" of the conventional case. A parametric
to be2.84)\g cu, X 2.84)6 gHz- A reference plane is positionedstudy analyzing the number of EBG rows is carried out varying
at0.12)¢ gnz distance away from the edge, where it is locatetthe number of rows from two to eight. It is observed that when
outside the EBG structure, and the height of the reference pldess rows of EBG patches are used, the band-gap effect is not
is 0.04)\¢ guz. For the sake of comparison, a conventional casgynificant. When the number of rows is increased, a clear band
is also analyzed. This conventional (CONV.) case consists ofap can be noticed. Inside this band gap, the average E field
perfect electric conductor (PEC) ground plane and a dielectiicthe EBG case is much lower than that in the conventional
substrate with the same thickness and permittivity as the ER@se. To determine the band-gap region, a criteria is used that
case. the average E field magnitude with the EBG is less than half
The basic idea is to calculate and compare the E field at thEthat without the EBG (the CONV. case). This is equivalent to
reference plane. Since the EBG structure can suppress the thg-6 dB (0log;, |E|?) level in Fig. 2(b), thus a band gap from
face waves in a certain band gap, the E field outside the EEX3-7.0 GHz can be identified with a minimum of four rows of
structure should be weaker than that of the conventional case EBG patches.
quantify the surface-wave suppression effect, an averages The LC model [(1)—(4)] is also used to analyze this mush-
calculated according to the following equation: room-like EBG structure, and a band gap of 6.37-8.78 GHz is
obtained. It has some overlap with the band gap calculated by
B2 = 1 // B[ ds ©) the_FDTD method, which means this model can be used to get
—S//)s an initial engineering estimation. However, the LC model result
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Fig. 4. Nearfields at 5 GHz, which is outside the band gap. (a) The EBG case
20*logl E1 (dB) and (b) the CONV. case. The outside field of the EBG case has a similar level

(b) as that of the CONV. case.

Fig. 3. Near fields at 6 GHz, which is inside the band gap. (a) The EBG case
and (b) the CONV. case. The outside field of the EBG case is about 10 dB lower

than that of the CONV. case because of the surface-wave suppression. . .
structure is around 10 dB. In contrast, the field level of the
CONV. case is around 20 dB. The difference of field levels is
is relatively higher than the FDTD results because it uses a sidite to the existence of the EBG structure, which suppresses the
plified lumped element model. This is also the reason to develpmpagation of surface waves so that the field level in the EBG
the FDTD model here. case is much lower than in the conventional case. However, the
To visualize the band-gap feature of surface-wave suppréBG structure cannot successfully suppress surface waves out-
sion, the near field distributions of the eight row EBG case arie its frequency band gap. For example, Fig. 4 plots the near
the conventional case are calculated and graphically presentggd of both cases at 5 GHz, which is outside the band gap. The
Fig. 3 plots the near field of both cases at 6 GHz, which is itfield distribution of the CONV. case is similar to its distribution
side the band gap. The field level is normalized to 1 W delivered 6 GHz. However, the field value outside the EBG structure is
power and is shown in dB scale. The field level outside the EBigcreased to around 20 dB, which is similar to that of the CONV.
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Fig. 5. FDTD model to calculate the mutual coupling of probe fed microstrip E-plane coupling

antennas.

case. This means that although there are some interactions be-
tween the dipole source and the EBG structure, the field can W
still propagate through the EBG structure. These results corre-

late well with the results in Fig. 2(b). From this comparison it Ll T M, ’[‘ M,

can be concluded that as expected, the surface-wave suppres-
sion effect exists only inside the band gap of the EBG structure.

Distance

Al
3

H-plane couplin
I1l. MUTUAL COUPLING COMPARISON OFVARIOUS p ping

MICROSTRIPANTENNA ARRAYS
A. FDTD Method for Mutual Coupling Simulation

The FDTD method is used to analyze the mutual coupling
of microstrip antennas. The mutual coupling of antennas fed by
microstrip lines has been solved using the FDTD methodin[24], _15}-
and the probe fed antenna case is discussed herein.

Fig. 5 plots an FDTD model to calculate the mutual coupling
of two probe fed patch antennas. The reflection coefficients are_ag-20‘

Fig. 6. E- and H-plane coupled probe fed microstrip antennas.

-10 - , ! ;

—plane, measured.

defined as :
~ : N E-plane, FDTD.
b1 _ St Sz ||a @) w25} .
by S21 S22 | | a2
whereay, as, by, andb, are the normalized voltage waves. The  _gg|.. . H-plane, measured. |~ ]
incident wave and reflected waves are mixed together during the H-plane, FDTD. _
FDTD simulation, and the voltages and currents are recorded a T
the pprts [15]. The relation between the waves and the recorde: —38_2 04 06 08 y 15 14
data is Distance (A)
V1= Vv ch(al + bl) (8) Fig. 7. Measured [20] and FDTD simulated mutual coupling results at 1.56
1 GHz for 5 cm (radiating edge) 6 cm patches on a 0.305 cm thick substrate
I, = T (a1 —b1) (9) with a dielectric constant of 2.5.
cl
V2= ?62(“2 +b2) (10)  oncethe voltages and currents are obtained, the returndpgs (
I = (ag — bo) (11) and mutual coupling$z1) can be derived from (14) and (15).
Ze The validity of these formulations has been demonstrated by
whereZ,, andZ. are characteristic impedances of the feedin#€ E-plane and H-plane coupled microstrip antennas illustrated
probes. in Fig. 6. A comparison of FDTD simulation results and ex-

A Gaussian pulse type of voltage source is used to excite ffimental results [20] is shown in Fig. 7. The antenna has a

structure. For simplicity, only port one is activated during thBatch size of 5 cm (radiation edge)6 cm, and is mounted on
simulation and port two is matched to 50 Therefore’ the in- & 0.305 cm substrate with a dielectric constant of 2.5. The mu-

cident wave at port two is zeray = 0. Thus, (7) becomes tual coupling is calculated and measured at 1.56 GHz, and good
agreements are observed. This method can also be used to ana-
by = S11a1 (12) lyze the mutual coupling of microstrip antennas with arbitrary

b2 = 521(11. (13) orientation [25]

Substituting (12) and (13) into (8)—(11) and dividing (8) an@. Mutual Coupling Comparison

(10) by (9). one arrives at The developed FDTD method is next used to analyze the

%1 1+ S11 mutual coupling features of microstrip antennas at different
thicknesses and permittivities [26], [27]. Both the E-plane and

I_l o 1-—S11
Vs Sy H-plane couplings are investigated, and four patch antennas are
I, =221 1S (15) compared as follows:

(14)
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Fig. 8. Comparisons of the E-plane coupled microstrip antennas on differéig. 9. Comparisons of the H-plane coupled microstrip antennas on different
dielectric constants and different thickness substratesS,(@pndS.; versus dielectric constants and different thickness substratess,(@pndS.; versus
frequency (distance= 0.5 A5 5 ¢u.), (b) So; versus patch distancdé (=  frequency (distance= 0.5 A5 5 ¢u.), (b) S2; versus patch distance (=

5.8 GHz). 5.8 GHz).

1) patch antennas on a thin and low dielectric constant siisndwidth increases with increasing thickness and decreases
strate:e,, = 2.20, h = 1 mm, and the patch size is 16 mm while the permittivity increases. It's worthwhile to point out
9 mm; that the bandwidth of case 4 is even larger than that of case 1,
2) patch antennas on a thick and low dielectric constant swbhich means the bandwidth of microstrip antennas on a high
strate:e, = 2.20, h = 2 mm, and the patch size is 15.5 mm permittivity substrate can be recovered by increasing the sub-
12 mm; strate thickness. Similar observations were also made in [18],
3) patch antennas on a thin and high dielectric constant suthich emphasized on a single element’'s performance, espe-
strate:e,, = 10.20, h = 1 mm, and the patch size is 7.5 mxn cially on the improvement of radiation patterns.
5 mm; Fig. 8(a) also presents the mutual coupling of the E-plane cou-
4) patch antennas on a thick and high dielectric constant sytbed microstrip antennas with a 0.30 s g, antenna distance.
strate:e, = 10.20, h = 2 mm, and the patch size is 7 mrm A5 s gn. is the free space wavelength at the resonant frequency
4 mm. 5.8 GHz. The first case has the lowest mutual coupling level,
The results of the E-plane coupled microstrip antennas are daiile the last case shows the strongest. This is because the mi-
picted in Fig. 8. Fig. 8(a) plots the return loss results of the fogrostrip antenna on a high permittivity and thick substrate ac-
antenna cases. All the antennas are designed to resonate artivatt the most severe surface waves. Fig. 8(b) plots the mu-
5.8 GHz. This frequency range is chosen for the ease of méaal coupling varying with the patch distance at the resonant
surements to be presented in the next section. The impedafiequency. The mutual coupling of all cases decreases as the
bandwidths (according t§;; < —10 dB criterion) are 1.38% antenna distance increases. It is observed that both increasing
for the first case, 2.40% for the second case, 0.61% for the thita substrate thickness and permittivity will increase the mutual
case, and 1.71% for the last case. It can be observed thatdbapling level.
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Fig. 10. Near fields of the E-plane coupled microstrip antennas on a 2 "y, 11.  Near fields of the H-plane coupled microstrip antennas on a 2 mm
thlc_k substrate: (ay, = 2.20 qnd _(b)er = 10.20. The Ief_t antennas are thick substrate: (a}, = 2.20 and (b)e, = 10.20. The left antennas are
activated and the mutual coupling is measured at the feeding port of the rightivated and the mutual coupling is measured at the feeding port of the right
antennas. antennas.

In Fig. 9, the H-plane coupled microstrip antennas result® identify the difference between the E-plane and H-plane cou-
are depicted. Fig. 9(a) plots the return loss and mutual cquied microstrip antenna arrays, the near fields of different cou-
pling versus frequency with a 0.50, s ¢u, antenna distance, pling situations are calculated and graphically presented. Fig. 10
and Fig. 9(b) plots the mutual coupling varying with antennglots the near fields of the E-plane coupled microstrip antennas
distance at the resonant frequency 5.8 GHz. In contrast to threa 2 mm thick substrate with (g) = 2.20 and (b)e,. = 10.20.
E-plane coupled results, the strongest mutual coupling occur§ae left antennas (M1 in Fig. 6) are activated and the mutual
the second case, which has a low dielectric constant and a thickipling is measured at the feeding port of the right antennas
substrate thickness, and the weakest mutual coupling happ@vig in Fig. 6). The field is normalized to 1 W delivered power,
at the third case, which has a high dielectric constant and a thind plotted in dB scale. The surface waves propagate along the
substrate thickness. It is observed that increasing the substtdtdirection and a strong mutual coupling can be observed for
thickness still increases the mutual coupling, while increasitige antennas on the high permittivity substrate. Fig. 11 shows
the permittivity decreases it. the near fields of the H-plane coupled microstrip antennas. As
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Fig. 12. Microstrip antennas separated by the mushroom-like EBG structure for a low mutual coupling. Four columns EBG patches are used.

shown in Fig. 11(a), the antennas on a low permittivity substrate
have a larger patch size and their fringing fields couple to each
other, resulting in a strong mutual coupling. However, for the
antennas on a high permittivity substrate, there is less coupling -5}
between their fringing fields due to its small patch size shown in
Fig. 11(b). The surface waves which contribute to the strong mu-z
tual coupling of the E-plane coupled case have less effect novxv _10}
because they do not propagate alongihdirection. It can be cn'_
concluded from the above discussion that the mutual coupling
behaviors of microstrip antennas are determined by both the di-
rectional surface waves and antenna size.

IV. MUTUAL COUPLING REDUCTION USING THE : ‘ ‘
EBG SrRUCTURE -20 i i ‘ ; ‘ ;

A. FDTD Simulation Results

From the above comparison, it is found that the E-plane cou- _q1g

pled microstrip antennas on a thick and high permittivity sub- —— No EBG
strate exhibit very strong mutual coupling due to the pronounced —— 2mm
surface waves. Since the EBG structure has already demon 45l | = 3mm
strated its ability to suppress surface waves, four columns of

EBG patches are inserted between the antennas to reduce tt__
mutual coupling, as shown in Fig. 12. CD
Fig. 13 shows FDTD simulated results of the E-plane coupled —20 I
microstrip antennas on a dielectric substrate wite= 2 mm Zh
ande, = 10.2. The antenna’s size is 7mm 4 mm, and the
distance between the antennas is 38.8 TH(\5 s gu.)- The _25}
mushroom-like EBG structure is inserted between the antenna
to reduce the mutual coupling. Three different EBG cases are
analyzed and their mushroom-like patch sizes are 2, 3, and ¢

-30 i ‘ ‘ %
mm, respectively. The gap between mushroom-like patches is 52 54 56 58 6 62 6.4
constant at 0.5 mm for all three cases. Freq (GHz)
Fig. 13(a) shows the return loss of three EBG cases, as well as (b)

the antennas without the EBG structure. Itis observed that all thig. 13. FDTD simulated results of the E-plane coupled microstrip antennas
antennas resonate around 5.8 GHz. Although the existencespprated by EBG structures with different mushroom-like patch sizes (2, 3, and
the EBG structure has some effects on the input matches of ftlhmm) () return oss and (b) mutual coupling.
antennas, all the antennas still have better tha® dB matches.

The mutual coupling results are shown in Fig. 13(b). Withowtre suppressed. Asaresult, the mutual couplingisgreatlyreduced:
the EBG structure, the antennas show a strong mutual couplomy—25.03 dB atthe resonantfrequency. Itisworthwhile to point
of —16.15 dB. If the EBG structures are employed, the mutualtthatthe bandwidth ofthe EBG structure ismuchwiderthanthe
couplinglevelchanges. Whenthe 2mm EBG caseis used, its bamtenna bandwidth so that it can cover the operational band of the
gapis higher thanthe resonant frequency 5.8 GHz. Therefore, fmenna. Whenthe size ofthe mushroom-like patchisincreasedto
mutual coupling is not reduced and a strong coupling ®6.85 4 mm, its band gap decreases, and is now lower than the resonant
dBisstillnoticed. Forthe 3mm EBG case, the resonant frequerfegquency. Therefore, the mutual coupling is notimproved and is
5.8 GHz falls inside the EBG band gap so that the surface wawt#l as strong as-16.27 dB.
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_ ; patch size is 3 mm and the gap width is 0.5 mm.
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Fig. 14. Comparison of E-plane mutual coupling using different microstrip
antenna structures. (a) Four different patch antenna structures: (1) norma :
microstrip antennas, (2) substrate between antennas is removed, (3) cavity bac 1o}
microstrip antennas, and (4) microstrip antennas with the EBG structure in
between. (b) Mutual coupling results of four antenna structures. Patch antennagy :
resonate at 5.8 GHz. T 15} e e
%) — No EBG

0 =

--- With EBG |
B. Comparison of the EBG Structure With Other Approaches 20 1
Itisinstructive to compare the EBG structure with otherstruc- o5} . o i
tures also used to reduce the mutual coupling. Fig. 14(a) plots .’l
four E-plane coupled antenna structures to be compared: _30 ] , , ,
1) normal microstrip antennas, 52 54 56 58 6 62 64
2) the substrate between antennas are removed, Freq (GHz)
3) cavity back microstrip antennas, and Fig. 16. Measured results of microstrip antennas with and without the EBG
4) microstrip antennas with the EBG structure in betweenfsrt;:ﬁt:r:; An 8 dB mutual coupling reduction is observed at the resonant

During the comparison, the antenna size, substrate properties,
and antenna distance in all the structures are kept the same as | -
in the EBG case. In structure 2), a 13.5 mm width substratethe unique capability of the EBG structure to reduce the mutual
removed between the patch antennas. This width is choserP@4P!ing.
be the same as the total width of four rows of the EBG patches.
When the cavity structure is used, the distance between the Gd-
jacent PEC wall is also selected to be 13.5 mm. To verify the conclusions drawn from the FDTD simulation,
Fig. 14(b) displays the mutual coupling results of foutwo pairs of microstrip antennas are fabricated on Roger
different structures. The normal microstrip antennas show tR&/Duroid 6010 substrates. The permittivity of the substrate is
highest mutual coupling. The substrate removal case and fl®2, and the substrate thickness is 1.92 mm (75 mil). Fig. 15
cavity back case have some effects on reducing the mutshbws a photograph of the fabricated antennas with and without
coupling. A 1.5 dB mutual coupling reduction is noticed for théhe EBG structure. The antenna’s size is 6.8 mré mm, and
former case and a 2 dB reduction is observed for the latter catfe distance between the antennas’ edges is 38.8 mm (0.75
The lowest mutual coupling is obtained in the EBG case as apscgn,). The antennas are fabricated on a ground plane of
8.8 dB reduction is achieved. This comparison demonstratl830 mmx 50 mm. For the EBG structures, the mushroom-like

Experimental Demonstration
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patch size is 3 mm and the gap between the patches is 0.5 mng]
Four columns of mushroom-like patches are inserted between
the antennas to reduce the mutual coupling. [10]
The measured results are shown in Fig. 16. It is observed that
both antennas resonate at 5.86 GHz with return loss better thf{)ﬂ]
—10 dB. For the antennas without the EBG structure, the mu-
tual coupling at 5.86 GHz is16.8 dB. In comparison, the mu-
tual coupling of the antennas with the EBG structure is only[12]
—24.6 dB. An approximately 8 dB reduction of mutual cou-
pling is achieved at the resonant frequency of 5.86 GHz. Thig, 3
result agrees well with the simulated result shown in Fig. 13(b).
From this experimental demonstration, it can be concluded thfﬂ4]
the EBG structure can be utilized to reduce the antenna mutual
coupling between array elements. (15]
V. CONCLUSION (16]
In this paper, a mushroom-like EBG structure is implemented
in the design of microstrip antenna arrays to reduce the strong,
mutual coupling caused by the thick and high permittivity
substrate without sacrificing the compact size or bandwidth 0!.18
the antenna elements. The EBG structure is analyzed using the
FDTD method. The near field distribution of the EBG structure 19]
clearly demonstrates its band-gap feature of suppressing surfa[ce
waves. Also compared is the mutual coupling of microstrip
antennas on various thickness and permittivities substrateg,,
The strongest mutual coupling happens in the E-plane coupled
antennas on a thick and high permittivity substrate due t )1
the pronounced surface waves. The EBG structure is then
inserted between the antenna elements to reduce the mutuizd!
coupling. Compared to other approaches such as cavity back
structure, the EBG structure demonstrates a better performanias]
to improve the mutual coupling. Several microstrip antennas
are fabricated to validate this observation, and an 8 dB mutugt4
coupling reduction is observed at the resonant frequency. This
mutual coupling reduction technique can be used in various
antenna array applications. [25]
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