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new strategy for designing probe-fed electrically equivalent microstrip radiators based on 
their electrical dimensions is discussed in this article. Radiators on a Flame Retardant 4 
(FR4) substrate are synthesized for equivalent performance, aiming at lower H-plane cross 
polarization over the bandwidth and resistive input impedance at the operating frequency. 

The effect of mutual coupling is analyzed for two classical arrangements: side-by-side and col-
linear configurations. With the proposed strategy, a broadside collinear array of linearly polarized 
rectangular patches is designed to operate at the center frequency of the industrial, scientific, and 
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medical (ISM) band (2.45 GHz) on 
a moderately thick FR4 substrate. 
The array is designed for low cross 
polarization in the H-plane and to 
comply with the specified directiv-
ity and side lobe level (SLL). Special 
attention to the beamforming circuit 
design leads to a radiation efficiency 
near 70%.

Microstrip Antennas
Microstrip antennas have become 
customary components in modern 
communications systems, including 
aerospace and biomedical applications 
[1], [2]. This wide diversity is mainly 
due to their peculiar characteristics, 
such as low weight, small volume, and 
compatibility with integrated circuits 
at microwave frequencies. Another 
important advantage is the ability to 
conform their low profile to curved sur-
faces, thus uniquely meeting mechani-
cal and aerodynamical needs [3].

A conventional microstrip antenna 
comprises a conductive patch, which 
may assume different forms, printed on 
top of a thin grounded dielectric. From 
the various antenna-feeding techniques 
developed over the years [1], this article 
covers the typical coaxial probe feed-
ing, such as the practical SubMiniature 
Version A (SMA) connector. However, 
this basic structure can only handle low 
power and operate over a narrow fre-
quency range, the latter being regarded 
as its most severe constraint. A simple 
intuitive way to overcome these limita-
tions would be the use of thick sub-
strates, except that this leads to the 
excitation of surface waves, thus sub-

stantially decreasing the antenna radiation efficiency [1], [2]. A 
thick-substrate probe-fed antenna, either linearly or circularly 
polarized, designed according to the standard procedure [4], 
presents a highly inductive input impedance, so it is not properly 
matched to a 50-X SMA connector. Various techniques to com-
pensate for the probe’s inductive reactance have been proposed 
[5]–[13], but those solutions add greater complexity to the design 
and manufacture of the antenna. To overcome these limitations, 
two efficient design techniques for probe-fed, moderately thick 
microstrip antennas were recently proposed [14]–[17], permit-
ting the accurate design of linearly and circularly polarized 
microstrip antennas based only on their intrinsic characteristics, 
without any external matching network.

Currently, to achieve higher levels of radiation efficiency 
(over 80%), antennas have to be designed on low-loss micro-

wave laminates, with a loss tangent of about 0.002. Now 
that both the market and the technology are ready for mass 
production [18], cost-effective designs of microstrip antennas 
manufactured on a low-cost FR4 substrate were reported in 
[18]–[26]. Unfortunately, the FR4 substrate introduces addi-
tional complexity to the antenna design [18], [27]–[30], not 
only for the inaccuracy of its actual relative permittivity but 
also mainly to its considerable loss tangent (around 0.02). Vari-
ations in FR4 permittivity can shift the operating frequency, 
whereas the high loss tangent affects the antenna bandwidth 
and gain, resulting in poor radiation efficiency, as low as 30% 
(at 1.6 GHz, on a 1.5-mm thick substrate) [30]. To improve 
this relevant parameter, antennas have been manufactured 
on suspended FR4 substrates [18], [31]–[32] or on thicker 
single-layer FR4 substrates [30]. The side effect, however, is 
the degradation of their radiation performances. Usually, the 
cross-polarization level in the H-plane (CPLH-P) increases 
substantially, limiting the design of phased arrays [33]. To 
alleviate this unwanted effect, different techniques have been 
employed: typically, dual-probe feeding [34], a horizontal 
probe-fed half-wavelength strip combined with two vertical 
segments [33], and a defected ground structure [35]. Howev-
er, these solutions (as well as the use of suspended substrates 
and techniques to compensate for the inductive reactance 
of the probe [5]–[13]) add, as mentioned previously, greater 
complexity to the antenna design and manufacture, hinder-
ing its industrial scale production where simple, cost-effective 
projects are preferred. Thus, rather than using the aforemen-
tioned strategies, this article covers the design and imple-
mentation of probe-fed single-layer antennas on moderately 
thick FR4 substrates. Using this method, antenna radiation 
efficiency near 70% (at 2 GHz) is achieved for a 6.0-mm-thick 
FR4 substrate [30].

A single radiating element cannot generally comply with 
the stringent requirements and protocols of modern commu-
nication systems [15]. Therefore, antenna arrays are used, pro-
vided that the appropriate choices of the radiating elements, 
their relative displacement, and the amplitude and phase of 
the excitation currents are made. The usual methodology for 
the analysis of antenna arrays made up of identical elements is 
the well-known pattern multiplication [36]. This methodology 
intrinsically assumes that the single-element radiation pattern 
is not modified by the mutual coupling between the array 
elements, in which case the radiators are classified as well-
behaved [37]. Microstrip arrays on an infinite ground plane 
(as usually assumed in the preliminary design phase) can be 
fairly analyzed according to this methodology. However, from 
a practical point of view, the design of microstrip arrays is 
more complex since both the mutual coupling between the 
array elements and the finite dimensions of the grounded 
dielectric layer should be taken into account [38]. In addition, 
the design of linearly polarized arrays on the FR4 substrate 
must incorporate an efficient strategy to compensate for the 
high CPLPH-P, since good radiation efficiency requires a 
moderately thick substrate. Geometries with low mutual cou-
pling are potential candidates for phased arrays [39]. 
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Results for the mutual imped-
ance between microstrip antennas 
can be found in many publications, 
specifically in those dedicated to 
array design [1], [38], [39]. How-
ever, these results do not permit 
a categorical comparison among 
their mutual coupling levels since 
the calculations do not use the 
same criterion. To overcome this 
limitation, a new design procedure 
is proposed for probe-fed linearly 
polarized (LP) electrically equiva-
lent microstrip antennas printed on an FR4 substrate, resulting 
in lower levels of cross polarization in the antenna H-plane, all 
over the bandwidth. Therefore, the purpose of this article is to 
present a low-cost linear array composed of elements designed 
according to this new procedure. The first step is the deter-
mination of the patch geometry, considering the array has to 
comply with the following specifications over the ISM band 
(2.4–2.5 GHz): a 12-dB directivity in the broadside configura-
tion, a -17-dB SLL, a -10-dB reflection coefficient magni-
tude, and the CPLH-P as low as -20 dB. 

New Design Procedure
A simple and efficient strategy for designing electrically equiva-
lent microstrip antennas based on their electrical dimensions 
was recently proposed in [40]. Following this strategy, radia-
tors with rectangular (Figure 1), elliptical (Figure 2), and tri-
angular (Figure 3) patches, printed on a square (100 mm # 
100 mm) grounded FR4 substrate .4 2rf =^  and tan . )0 02d =  
and fed by a 1.3-mm diameter coaxial probe, were designed 
[using the High Frequency Structure Simulator (HFSS) 
package [41]] at 2.45 GHz to comply with the ISM band 
(2.4–2.5 GHz). For a good radiation efficiency (over 75%), a  

6.6-mm moderately thick substrate 
was used. The patch dimensions are 
shown in Figures 1–3.

According to this strategy, all 
three antennas exhibit the same 
5.9% bandwidth (145 MHz at 
10-dB return loss criterion) comply-
ing with the ISM band (100 MHz). 
Additional comparisons of the 
antennas are presented in Table 1. 
As seen, the radiation efficiency and 
directivity of the antennas are com-
parable. The directivity equivalence 

is explained by the similarity among the copolarized radiation 
patterns.

One notices, however, a large difference in the cross-
polarized radiation [40]. To illustrate these effects, HFSS 
simulations are shown in Figures 4 and 5. H-plane normal-
ized radiation patterns are shown in Figure 4, whereas the 
frequency behavior of the CPLH-P is presented in Figure 5.  
The CPLH-P changes substantially over the antenna 
bandwidth. The DCP parameter, which characterizes the  

Figure 1. The probe-fed rectangular-patch LP antenna.  
a  = 26.75 mm, b  = 21.45 mm, and p  = 8.2 mm. (a) Top 
view. (b) Side view.
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Figure 2. The probe-fed elliptical-patch LP antenna. a  = 
32.55 mm, b  = 18.9 mm, and p  = 11.5 mm.
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Figure 3. The probe-fed triangular-patch LP antenna. a  = 
36.63 mm and p  = 3.6 mm.

The experimental results 
for radiation patterns, 
CPLH-P, and reflection 
coefficient magnitude 
validate the proposed 
approach.
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maximum-to-minimum variation of CPLH-P over the oper-
ating band, is also presented in Table 1.

Following the strategy proposed in [40], radiators can  
be designed for equivalent performance in terms of band-
width and copolar radiation patterns but with no control of 
CPLH-P. To improve this strategy, the H-plane cross-polar-
ization characteristics of the previous antennas were analyzed, 
aiming at lower CPLH-P over the antenna bandwidth and 
resistive input impedance at the operating frequency. The start-
ing point was the well-known fact that the cross-polarization 
level of a rectangular patch is a function of the probe posi-
tion [42]. To visualize this peculiar behavior, the probe posi-
tion p was gradually reduced from the center to the edge of 
the patch. The graphics of input impedance and CPLH-P  
are shown in Figures 6–8.

Figures 6 and 7 show, for rectangular and elliptical patches, 
CPLH-P decreases with p and the shape of the cross-polariza-
tion curves is independent of frequency. Also, the lowest cross-
polarization level does not occur at the operating frequency 
(2.45  GHz). Moreover, the reactance null shifts in frequency 
with the change of probe position .p  On the other hand, large 
variations of CPLH-P for the triangular patch are shown in 
Figure 8. The analysis of these behaviors shows that it is pos-

sible to establish a particular condition for low CPLH-P all 
over the antenna bandwidth. For rectangular and elliptical 
patches, this condition results from a predesign focused on the 

Table 1. The electrical  
characteristics of the LP  

microstrip antennas.

Rectangular Elliptical Triangular

Directivity (dB) 6.62 6.56 6.60

Radiation Efficiency (%) 78.4 77.2 76.7

Zin (X) 50 50 50 

CPLH-P (dB) -18.6  
(i = 50°)

-19.5  
(i = 50°)

-12.6  
(i = 45°)

DCP (dB) -16.0– 
-20.7 

-16.9– 
-21.7

-10.2– 
-15.2
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Figure 4. The H-plane normalized radiation pattern at 2.45 GHz.
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CPLH-P curves. This approach guarantees the best level of 
the CPLH-P curve at the desired frequency, regardless of the 
value of .p  The design is completed by changing the position 
p for the zero reactance condition [30] at that frequency.

Applying this procedure to the previous radiators, the fol-
lowing new dimensions were obtained for the rectangular 
patch: . mm,a 25 6=  . mm,b 20 5=  and mm.p 7=  Note 
these new dimensions are close to those from the former strat-
egy [40], . mm,a 26 75=  . mm,b 21 45=  and . mm,p 8 2=  as 
shown in Figure 1. The same was found for the elliptical patch: 

. mm,a 31 2=  . mm,b 18 25=  and . mm,p 10 20=  close to 
the previous dimensions, . mm,a 32 55=  . mm,b 18 9=  and 

. mmp 11 5=  (Figure 2). In both cases, the input impedance at 
the operating frequency (2.45 GHz) is now real, approximately 
130 X. This value was used to calculate the reflection coefficient 
magnitudes shown in Figure 9.

The triangular patch design is slightly more complex, since 
both the input reactance and cross-polarization curves shift in fre-
quency as the probe position p changes. Using HFSS, such that 
the zero reactance condition occurs at the frequency where cross 
polarization is minimal, the following dimensions were obtained: 

. mma 35 7=  and . mmp 15 6=  (versus . mma 36 63=  and 
. mmp 3 6=  from the previous strategy; note that the value of p 

changed substantially to minimize the cross polarization). In this 
case, the antenna input impedance at the low-cross-polarization 
frequency is 50 X. This value was used to calculate the reflection 
coefficient magnitude shown in Figure 10.

As expected, using the new procedure, the CPLH-P param-
eter is quite stable over the operating band (Figures 9 and 10), 
unlike the parameter shown in Figure 5. The rectangular patch 
CPLH-P is −19.7 dB at the upper frequency of the operating 
band dB10C =-^ h and -21.6 dB at 2.45 GHz. For the 
elliptical radiator, the CPLH-P is -22.4 dB at 2.45 GHz and 
-20.7 dB at the upper frequency. On the other hand, for the 
triangular patch, the CPLH-P is -19.7 dB at 2.45 GHz and 
-18.0 dB at the lower frequency. The bandwidth of all new 
antennas remained close to 5.9%.

To conclude the analysis, normalized radiation patterns 
are shown in Figures 11 and 12. The copolarized patterns are 
equivalent to those presented in [40], except that the cross 
polarization (in the H-plane) is now minimized. Consequently, 
the antennas’ directivity is similar, as illustrated in Table 2. 
The simulated results for the radiation efficiency, CPLH-P, 
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Figure 11. The E-plane normalized radiation pattern at 2.45 GHz.

2.30 2.35 2.40 2.45 2.50 2.55 2.60
-30

-25

-20

-15

-10

-5

0

C
P

LH
-P

 (
dB

)

bC
b 

(d
B

)

Frequency (GHz)

CPLH-P

-10

-12

-14

-16

-18

-20

-22

bCb

Figure 10. The reflection coefficient magnitude and CPLH-P 
of the triangular patches.

2.30 2.35 2.40 2.45 2.50 2.55 2.60
-30

-25

-20

-15

-10

-5

0

Cross Polarization

C
P

LH
-P

 (
dB

)

bC
b 

(d
B

)

Frequency (GHz)

Rectangular
Elliptical

-12

-14

-16

-18

-20

-22

-24

bCb

Figure 9. The reflection coefficient magnitude and CPLH-P 
of the rectangular and elliptical patches.

2.1 2.2 2.3 2.4 2.5 2.6 2.7 2.8
-200

-100

0

100

200

300

400

500

Frequency (GHz)

0

-4

-8

-12

-16

-20

-24

-28

C
P

LH
-P

 (
dB

)

Z
in

  (
X

)

p = 20.6 mm
p = 15.6 mm
p = 12.6 mm

p = 7.6 mm
p = 3.6 mm
p = 1.6 mm

Figure 8. The triangular patch. CPLH-P (--). Re [Zin] (-·-). Im 
[Zin] (—). 



17IEEE Antennas & Propagation Magazine  a u g u s t  2 0 1 5

bandwidth (BW), input impedance 
,Zin^ h  and DCP parameter are also 

shown in Table 2.

Mutual Coupling Analysis
With the electrically equivalent 
radiators designed per the criterion 
introduced in the “New Design 
Procedure” section, the analysis of 
mutual coupling can now be car-
ried out in a more effective way. 
Arrays made out of two patches of equal geometries were 
simulated in HFSS for a fixed /2om  displacement d  between 
their geometric centers. Two arrangements were considered: 
the classical side-by-side configuration and the collinear one. 
Figures 13 and 14 illustrate these configurations in the case of 
rectangular patches—note that the geometric centers of the 
arrays coincide with the center of the rectangular grounded 
FR4 layer (160 mm # 100 mm). Simulations were performed in 
HFSS, at 2.45 GHz for six different arrays using the electrically 
equivalent microstrip antennas designed in the “New Design 
Procedure” section. The mutual coupling levels are shown 

in Table 3. The letters S and C  
indicate the array topology (side 
by side or collinear), and the index 
specifies the array elements: E for 
elliptical patch, R  for rectangular, 
and T  for triangular.

As expected, the mutual cou-
pling levels are equivalent since the 
radiators were designed to be elec-
trically equivalent (according to the 
criterion proposed in this article). 

Note that the best value of mutual coupling was obtained for the 
CE  configuration, i.e., the collinear array of elliptical patches.

Broadside normalized radiation patterns in the H- and 
E-plane are shown in Figures 15 and 16 for the side-by-side and 
collinear configurations, respectively.

As the antennas are electrically equivalent, similar radiation 
patterns were obtained. However, back lobe for the side-by-side 
configuration is greater than that for the collinear one. This 
lobe occurs since the edge diffraction of the copolarized com-
ponent is more intense in the side-by-side array. Moreover, this 
configuration is slightly more directive than the collinear one 

d

x

y

Figure 13. The side-by-side configuration.

d

x

y

Figure 14. The collinear configuration.

Table 3. Mutual coupling  
between electrically equivalent 

microstrip antennas.
Configuration |S21| dB Configuration |S21| dB

SE -20.5 CE -21.0

SR -20.4 CR -20.8

ST -19.9 CT -20.0
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Figure 12. The H-plane normalized radiation pattern at 2.45 GHz.

Table 2. The electrical  
characteristics of LP  
microstrip antennas.

Rectangular Elliptical Triangular

Directivity (dB) 6.57 6.52 6.60

Radiation Efficiency (%) 77.3 76.4 76.7

CPLH-P (dB) -21.6 -22.4 -19.7

Bandwidth at  
-10 dB (MHz) 

143 135 146

Zin (X) 130 130 50

DCP (dB) -19.7– 
-21.6

-20.7– 
-22.4

-18.0– 
-19.7

It is possible to 
establish a particular 
condition for low CPLH-P 
all over the antenna 
bandwidth.
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(9.2 dB versus 8.9 dB). The arrays’ cross polarization is better 
than -30 dB. Consequently, the collinear configuration was 
selected for implementation.

Design of a Low-Cost Collinear Array
As the antennas designed in the “New Design Procedure” sec-
tion are electrically equivalent, any of the patches could be used 
in a low-cost collinear array. Therefore, rectangular patches 
were chosen because they are easy to simulate and build. As 

mentioned previously, the array has to comply with the following 
specifications: a 12-dB directivity in the broadside configura-
tion, a -17-dB SLL, a -10-dB minimum reflection coefficient 
magnitude, and the CPLH-P as low as −20 dB, all over the ISM 
band (2.4–2.5 GHz). The specified directivity and SLL will 
determine the number of the array elements and the respec-
tive excitation coefficients. Since the solution is not unique, a 
homemade computer-aided design (CAD) based on the iterative 
solution of linearly constrained least square problems [43] was 
implemented. As usually assumed in preliminary design, mutual 
coupling effects were not considered, and the grounded dielec-
tric layer under the patch was supposed to be infinite. This CAD 
produced the four-element array illustrated in Figure 17, with 
the following coefficients: . ,I A0 71 =  . ,I A1 02 =  . ,I A1 03 =  
and . .I A0 74 =  Simulations were thus carried out for rectan-
gular patches with dimensions . mm,a 25 6=  . mm,b 20 5=  

. mm,p 7 0=  and mmd 60=  (close to /20m  at 2.45 GHz), 
printed onto a 6.6-mm thick grounded FR4 substrate.

The CAD-simulated E-plane radiation pattern (Figure 18) 
shows that the SLL is -17 dB, as specified. In addition, the 
array directivity at 2.45 GHz is 12 dB. However, the HFSS 
simulation is required for the analysis of relevant effects, for 
which the homemade CAD does not account. The electrical 
parameters of a microstrip array, like its mutual coupling and 
radiation patterns, are dependent on the substrate thickness 
and electrical characteristics, dimensions of the grounded 
dielectric, and displacement and relative position of the patch-
es. In the present case, the geometric center of the array is posi-
tioned to coincide with the center of the 150 mm # 330 mm 
rectangular grounded dielectric, as shown in Figure 19. Notice 
that, at this stage of the design, each array element is directly 
excited by a coaxial probe.

Simulated results for the radiation patterns in the E- and 
H-planes are presented in Figures 20 and 21. The array direc-
tivity is 12 dB, as specified, the radiation efficiency is 74%, the 
CPLH-P parameter is -22.9 dB, and the active input imped-
ances are listed in Table 4. These impedances will guarantee 
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Figure 15. The H-plane normalized radiation pattern of the 
side-by-side array at 2.45 GHz.
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Figure 16. The E-plane normalized radiation pattern of the 
collinear array at 2.45 GHz.
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low cross polarization in the H-plane radiation pattern, accord-
ing to the design criterion presented in the “New Design Pro-
cedure” section. The cross-polarization behavior in frequency 
will be treated next, since the beamforming circuit can have a 
significant effect on it.

Given the active input impedance of the array ele-
ments, the next step is the beamforming design, taking 
into account two important aspects: dielectric losses and 
array bandwidth. Plain FR4 is not viable for beamform-
ing circuits in microwaves due to its high losses [27], [44]. 
To overcome this undesired characteristic [45], suspended 
substrates (like that illustrated in Figure  22) have been 
utilized. This particular structure permits the design of 
suitable low-loss microstrip components in terms of width 
and junction topologies.

Having chosen the beamforming structure, the next step 
was the design of the transition between the printed antenna 
and the beamforming circuit. It is composed of a coaxial 
probe (radius = 0.65 mm; length = layer 1 + layer 2 thick-
ness) and a microstrip line, as illustrated in Figure 23. It 
was designed for a 50-X input impedance at the end of the 
microstrip line. Figure 24 shows a schematic representation of 
the beamforming structure. Layer 1 is 6.6-mm thick, whereas 
layers 2 and 3 are each 1.6-mm thick.

Designing the beamforming circuit in HFSS to take into 
account the near-field effect led to the following dimensions 
for the rectangular patches: . mm,a 25 85=  . mm,b 20 8=  

and . mm.p 6 0=  The radiation efficiency of the array fed by 
the beamforming circuit is 66%. Dimensions and character-
istic impedances of the microstrip lines are available in [46], 

Zin1 Zin2 Zin3 Zin4

Antenna 1 Antenna 2 Antenna 3 Antenna 4

Figure 19. The geometry of the four-element array in HFSS.
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Figure 20. The E-plane normalized radiation pattern 
simulated in HFSS at 2.45 GHz.
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Figure 21. The H-plane normalized radiation pattern 
simulated in HFSS at 2.45 GHz.

Antenna

Layer 1

Layer 2 Layer 3Air Gap Ground Plane

Printed Beamforming

h

Figure 22. The cross section of the beamforming topology.

Table 4. The active input  
impedances of the array  

elements simulated in HFSS.

Zin1 (X) Zin2 (X) Zin3 (X) Zin4 (X)

158 + i 44 152 + i 47 152 + i 47 161 + i 37 

Zin = 50 X

x
y z

Figure 23. The transition between the antenna and the 
beamforming circuit.
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whereas the beamforming S-parameters, simulated at the oper-
ating center frequency, are listed in Table 5.

As mutual coupling is now very low, the normalized 
S-parameters are close to the homemade CAD coefficients. 

Note antennas 1, 2, 3, and 4 are positioned at 
ports 2, 3, 4, and 5, respectively.

The array prototype was manufactured 
with three FR4 layers, as illustrated in Figure 
25. The beamforming circuit is shown on the 
left, printed onto a 1.6-mm thick layer. In the 
center is the spacer layer, also 1.6-mm thick. 

Note the cuts made for an air dielectric between 
the beamforming circuit and ground. Finally, the array 
printed onto a 6.6-mm thick layer is shown on the right.

The experimental and simulated results for the reflec-
tion coefficient magnitude are shown in Figure 26. As seen, 
the prototype bandwidth is 8.2% (200 MHz for a 10-dB 
return loss criterion), which properly covers the ISM band. 
Inaccuracy in relative permittivity, loss tangent, and thick-
ness of the FR4 material [27] certainly causes the discrep-
ancy observed in Figure 26. In the worst case, the simulated 
value is -13 dB, whereas the experimental value is -20 dB, 
i.e., the simulation indicates that 95% of the incident power 
is transmitted to the array, whereas the experimental result 
shows that 99% is transferred to the prototype. However, in 
the practical point of view, these values are similar.

To conclude the analysis, the experimental and simulated 
radiation patterns were compared. The results for the E-plane 
patterns are presented in Figure 27 and show excellent agree-
ment. In addition, SLL is properly controlled under -17 dB, 
as specified.

Figure 28 shows the results for the H-plane. As ex-
pected, it is similar to the pattern for a single element. The 
cross-polarization pattern is no longer symmetrical due to 
the effects of the beamforming circuit. A very good agree-
ment is observed between the simulated and the experi-
mental patterns.

Measurements at other frequencies of the ISM band 
showed that the shape of the radiation patterns remained 
stable, but not the array’s CPLH-P, as shown in Figure 29. 
However, the CPLH-P measurement is better than -21 dB, 
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Figure 27. The E-plane normalized radiation pattern at 2.45 GHz.

Figure 24. The schematic representation of the 
beamforming circuit.

Figure 25. The pictures of the three layers that make up the 
collinear array.
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Figure 26. The reflection coefficient magnitude.

Table 5. The S-parameters  
of the beamforming circuit at the  

operating center frequency.
S11 S21 S31 S41 S51

0, 13 +49c 0, 36 +-127c 0, 51 +-126c 0, 52 +-128c 0, 36 +-131c



21IEEE Antennas & Propagation Magazine  a u g u s t  2 0 1 5

over the operating band, and the simulated and experimental 
curves are in good agreement.

Conclusion 
A simple and efficient strategy for designing probe-fed electri-
cally equivalent microstrip radiators on FR4 substrates was pre-
sented. This strategy was used for designing linearly-polarized 
rectangular, elliptical, and triangular patches, over the ISM 
band (2.4–2.5 GHz), with equivalent performance in terms of 
bandwidth, H-plane cross-polarization level, and resistive input 
impedance at the operating frequency. Consequently, their 
radiation patterns, directivity, and radiation efficiency were also 
shown to be substantially equivalent. Based on this strategy, 
mutual coupling between patches of equal geometry was ana-
lyzed, showing that electrically equivalent antennas are similar, 
despite the patch geometry. Similar results were obtained for 
the radiation patterns of broadside arrays of both side-by-side 
and collinear configurations.

To illustrate the proposed technique, a collinear array of rect-
angular patches was designed on an FR4 substrate: moderately 
thick for the patches, suspended from the beamforming circuit. 
Three steps were required. First, to comply with the specified 
directivity and SLL, the number of elements and their excitation 
coefficients were determined using a homemade CAD. Then, 
the array was simulated in HFSS to incorporate relevant effects 
that the homemade CAD does not. Finally, the beamforming 
was synthesized considering two important aspects: dielectric 
losses and array bandwidth. Per design requirements, the simu-
lated radiation efficiency of the low-cost array was close to 70%. 
The experimental results for radiation patterns, CPLH-P, and 
reflection coefficient magnitude validate the proposed approach. 
In particular, the measured CPLH-P of the array was kept below 
-21 dB, which is over the operating band.
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