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Abstract— Compact, low-profile, linearly (LP) and circularly 

polarized (CP) patch-based filtennas are realized with a 
custom-designed coupling probe. It introduces a deep null at both 
the lower and the upper band edges of the filter response. These 
two nulls facilitate a quasi-elliptic bandpass behavior and can be 
independently controlled to achieve sharp band-edge skirts and 
high out-of-band suppression levels. The CP version evolves from 
the LP design by introducing a T-shaped near-field resonant 
parasitic (NFRP) element near the probe to create two 
transmission paths with an inherent 90° phase difference. Its 
presence facilitates the simultaneous excitation of the TM10 and 
TM01 modes of the patch without the need for any power divider 
or phase delay line, reducing the design complexity and lowering 
the insertion loss. Prototypes were fabricated, assembled, and 
tested. The measured results agree well with their simulated 
values. They are low profile (0.03 λ0 height) and compact in size 
(0.04 λ0

2 footprint). The LP and CP prototypes exhibit, 
respectively, a 10-dB fractional impedance bandwidth of 7% and 
an overlapping axial ratio fractional bandwidth of 4.5%. 
Excellent measured performance characteristics are 
demonstrated including flat passband realized gain values and 
filter responses with sharp roll-off rates and high out-of-band 
suppression levels.  
 

Index Terms— Circularly polarized antennas, compact 
antennas, filtennas, linearly polarized antennas, low-profile 
antennas, near-field resonant parasitic elements 

I. INTRODUCTION 
ith the rapid expansion in modern wireless 
communication technologies, progress continues 

towards antenna systems that are more compact, 
multifunctional with high efficiencies, and more easily 
integrated with the electronics. The recent emergence of 
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filtennas has resulted [1]-[28]. They represent the 
advantageous integration of the antenna and filter into a single 
compact module. They possess attractive features such as a 
controllable passband frequency response in both their 
reflection coefficient and realized gain values. 

The current existing methods to accomplish filtenna designs 
can be generally divided into the four categories. The first 
approach is to organically combine the filter structures with 
the radiators. For instance, these filtennas can be realized by 
replacing the last stage of a filter network with a single 
radiator [1]–[9]. However, they usually require multiple 
resonators placed in series and, hence, they typically occupy a 
large area. On the other hand, they can also be realized by 
inserting an extra filter into the antenna as its feed network 
[10]-[15]. However, this style introduces additional insertion 
loss from its presence. The second approach is to introduce 
notches on the radiators such as etching slots on the radiating 
patches [16-18] or employing defected ground structures 
(DGSs) [19]. Although using DGSs avoid the insertion losses 
from the filter circuits, their in-band realized gain values are 
usually lower than those of the original antennas since the 
notches introduce scattering losses [19]. The third approach is 
to add parasitic elements to obtain the desired filter 
characteristics. For example, stacked parasitic patches 
[20]-[22] or shorting pins [20], [22] were introduced into the 
antennas to generate radiation nulls near the operational band 
to realize the filtering responses without degrading their 
in-band performance. However, these designs are multilayered 
with or without the air layers and have tall profiles. The fourth 
approach utilizes elaborate feeding structures, e.g., coupling 
probes [23], H-shaped feedlines [24], multi-stub feedlines 
[25], transverse stubs [26], and parasitic non-radiative strips 
[27], [28]. However, they take up a large transverse area 
and/or increase the overall complexity of the feed network. 
Therefore, it remains a challenge for a filtenna to realize an 
excellent filtering response while still maintaining a simple, 
compact, and low-profile configuration. 

Benefitting from the development of a custom-designed 
coupling probe, compact, low-profile, linearly (LP) and 
circularly polarized (CP) patch-based filtennas are reported in 
this paper that operate around 2.0 GHz. This simple probe not 
only introduces an additional resonant mode that increases the 
operational impedance bandwidth, but it also creates two deep 
radiation nulls that improve the out-of-band rejection of its 
filter performance without introducing any additional loss 
[10-15, 19], and without increasing the antenna’s profile 
[20-22], overall electrical size [1-9, 23-28], or design 
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complexity [23-28]. These two nulls facilitate a quasi-elliptic 
bandpass behavior and can be independently controlled to 
achieve sharp band-edge skirts and high out-of-band 
suppression levels. The probe’s unique characteristics 
facilitate the realization of simple LP and CP filtennas without 
increasing their total profile or the complexity of their feed 
networks while maintaining their compact physical sizes and 
high in-band realized gain values. The LP filtenna and its 
operating mechanisms are discussed first. The CP filtenna 
evolves next from this LP one by adding a T-shaped near-field 
resonant parasitic (NFRP) element to realize the requisite 90° 
phase difference between the resulting modal currents on the 
patch. The presence of the NFRP element further enhances the 
impedance bandwidth while maintaining a superior filter 
performance. Both filtennas are low profile (0.03 λ0) and 
compact in size (0.04 λ0

2) at its center frequency (wavelength 
λ0) while maintaining an excellent quasi-elliptic filter response. 
Prototypes of the LP and CP designs were designed, fabricated, 
and tested. It will be demonstrated that the measured and 
simulated results are in good agreement.  
 

 
Fig. 1 LP filtenna configuration and its optimized design parameters in 
millimeters: L1 = 31.1, L2 = 11.0, L3 = 4.3, L4 = 13.6, Lp = 28.0, Lg = 68.0, W1 
= 3.2, W2 = 1.9, H1= 3.18, H2 = 1.27, R1 = 0.65, and D1 = 1.4. 

 

II. LP FILTENNA 
The LP filtenna configuration is illustrated in Fig. 1 along 

with its optimized dimensional parameters. The ground plane 
is square with a side length of Lg = 68.0 mm. Two square 
dielectric blocks of the same size are centered and stacked on 
it. Both substrates are Taconic RF-60 TC with a relative 
dielectric constant εr = 6.15, loss tangent tan δ = 0.002, and 
with a 0.017-mm-thick copper cladding. The lower surface of 
the bottom substrate resides directly on the ground plane. A 
square radiating patch with a side length of Lp = 28.0 mm is 
centered on the upper surface of the top substrate with a 
thickness of h1 = 3.18 mm. The thickness of the bottom 
substrate is h2 = 1.27 mm; it is different from the top one to 
achieve better impedance matching [29]. The total height is 
thus 4.45 mm, which is 0.03 λ0 at 2.0 GHz.  

The coupling probe lies on top of the bottom substrate 
(equivalently on the bottom surface of the top substrate) 
directly beneath the radiating patch. Its flipped-y shape was 
custom-designed to improve the overall frequency selectivity. 
Its main strip is oriented along the x-axis. A 50 Ω coaxial 
cable with a center conductor radius R1 = 0.65 mm was 
selected to feed the filtenna. The coax outer wall is grounded 
on the bottom of the ground plane; its center conductor 
extends vertically through the bottom substrate and is attached 
to the main strip. The position of the feed point, i.e., the 
midpoint of that conductor, is centered on the main strip of the 
probe along the y-direction and is offset from its top edge 
along the x-direction by the distance, D1. The feed point and 
the lengths of the probe pieces are adjusted to achieve very 
good impedance matching.  
 

  
(a)                   (b)                   (c) 

Fig. 2 Evolution of the coupling probe of the planar LP filtenna through three 
patch antenna iterations. (a) Ant. I, (b) Ant. II, and (c) Ant. III, the final 
design.  
 
A. Operating Mechanisms 

The operating mechanisms of the LP filtenna and the 
advantages of the final coupling probe design are illustrated by 
comparing their evolution through three different planar 
designs. They are all patch antennas fed by a: (I) conventional 
short L-probe; (II) longer L-probe; and (III) flipped-y-shaped 
probe. The basic configurations of these three antennas are 
illustrated in sequence in Fig. 2 for ease of comparison. Fig. 3 
gives the simulated reflection coefficient and realized gain 
values as functions of the source frequency for these three 
designs. 

First, as shown in Fig. 2(a), Ant. I is based on a 
conventional short L-probe. It achieves a single resonance at 
2.0 GHz with its peak realized gain being 5.9 dBi. Because its 
height (0.03 λ0) is a bit more than 3 times shorter than a 
standard L-probe (e.g., with the center conductor length giving 
a 0.1 λ0 height) [30], its fractional bandwidth (FBW), 3.5%, is 
about 10 times smaller [30]. Moreover, both the |S11| and 
realized gain values have only a gradual decrease when the 
frequencies are out of the passband. Thus, the observed filter 
response is poor. 

Second, a longer L-probe is adopted in Ant. II, while the 
remaining dimensional parameters were maintained 
unchanged. It is clear from Fig. 3(b) that the longer probe 
induces a deep radiation null in the higher frequency portion 
of its response. It arises from the stronger coupling between 
the patch and the L-probe and has an associated improved 
selectivity from a higher suppression level outside of the upper 
stopband. Hence, the filter performance is much improved. 
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(a) 

    
(b) 

Fig. 3 Simulated results for the three patch antenna iterations as functions of 
the source frequency. (a) |S11| values. (b) Realized gain values.  
 

To explain the appearance of this radiation null, an 
equivalent circuit for Ant. II is presented in Fig. 4(a). The term 
Rrad is the radiation resistance of the patch, and Lp and Cp are 
its equivalent inductance and capacitance [31]. The inductance 
Ln is produced by the L-probe itself, and the capacitance Cn 
arises from the capacitive coupling between the probe and the 
patch [32]. The radiation resistance of the patch is replaced by 
one port to study the transmission characteristics of Ant. II. As 
shown in Fig 4(b), the reflection and transmission coefficients 
then indicate the presence of one transmission pole in the 
passband and one transmission zero (equal to a radiation null 
in antenna designs) in the upper stopband. The elements Lp 
and Cp combine to produce the transmission pole ①, and the 
Ln-Cn tank sub-circuit contributes the transmission zero ②. 

To verify this circuit explanation, the position of the 
L-probe, i.e., the distance P0 between the feed-end of the 
L-probe’s strip and the upper-edge of the patch, and the length 
L1 of L-probe, were investigated. As shown in Fig. 5(a), when 
P0 decreases so that these two edges are closer together with 
L1 fixed, the filter behavior is improved, i.e., a faster roll-off 
rate at the upper band edge is attained. This behavior is 
equivalent to an increase in Cn in Fig. 4(a). Similarly, as 
depicted in Fig. 5(b), the capacitive coupling is again 
enhanced when L1 is increased with P0 fixed. A red-shift of the 
null is then clearly attained. Although an enhanced selectivity 
at the upper band edge is obtained by choosing a proper 
position and a suitable length of the L-probe, the impedance 
matching deteriorates and the performance of the lower 

stopband is still unsatisfactory. Moreover, the observed 
operational bandwidth is substantially limited on account of 
only one resonance in the passband. 
 

  
(a)                              (b) 

Fig. 4. The corresponding equivalent circuit (a) and its response (b) for Ant. 
II. 

 

  
(a)                             (b) 

Fig. 5 Simulated realized gain values of Ant. II when two important design 
parameters are varied. (a) The distance P0 between the feed-end of the 
L-probe strip and the upper-edge of the patch. (b) The length L1 of the L-probe 
strip. 
 

A flipped-L-shaped open-end stub is then attached to the 
main strip of the original L-probe as shown in Fig. 2(b) to 
form a flipped-y-shaped coupling probe of Ant. III. It is the 
final design and is illustrated in Fig. 2(c). Referring to Fig. 
3(a), a new resonance mode is obtained; it is directly 
associated with the flipped-y-shaped probe. This resonance is 
located close to the original patch resonance mode, which was 
observed in Ant. I. These adjacent modes desirably combine to 
form a wider passband. Moreover, the patch has a significant 
loading effect on the probe [31]. The radiation of the patch 
dominates over the entire passband and results in good 
broadside radiation patterns, even at the frequency of the 
probe mode. Consequently, a desirably flat realized gain is 
obtained in the passband. Additionally, as Fig. 3(b) indicates, 
a new radiation null is created near the lower band edge. It 
arises from the well-known property that a quarter-wavelength 
open-end transmission line can realize a transmission zero, 
which is equivalent to obtaining a radiation null in an antenna 
design [33]. In particular, it was determined that when the 
total electric length L3+L4 is one-quarter wavelength, the lower 
frequency realized gain null occurs at 

n
3 4 re4

cf
(L L ) e

=
+

               (1) 

where c is the speed of light in free space, and εre denotes the 
effective dielectric constant of the substrate. Calculating (1) 
with the optimized parameters given in Fig. 1, one obtains fn = 
1.69 GHz, which agrees quite well with the numerically 
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obtained value, 1.71 GHz. Consequently, the flipped-L-shaped 
open-end stub is responsible for the appearance of the lower 
frequency null.  

Finally, it was concluded that this custom-designed feed 
probe not only broadens the impedance bandwidth, but it also 
more sharply defines the realized gain passband with its 
introduction of a realized gain null at the lower and upper 
edges of its operational frequency band. This behavior is 
equivalent to a quasi-elliptic bandpass filtering response. 
Moreover, this improved filter response occurs with a peak 
realized gain of 5.9 dBi, essentially the same value obtained 
with Ant. I, the simple L-shaped probe driven patch antenna 
[30]. Note that while the custom-designed probe significantly 
improves the filter response, it does not diminish the peak 
realized gain value.  
 
B. Current Distributions and Parametric Study 
 

 

     
(a)                          (b) 

     
(c)                         (d) 

Fig. 6 The electric current distributions on the patch of the optimized LP 
filtenna at the resonance frequencies: (a) 1.95 and (b) 2.04 GHz, and at the 
frequencies of realized gain null: (c) 1.68 and (d) 2.18 GHz.  

 
The current distributions on the patch of the optimized LP 

filtenna, i.e., the optimized version of Ant. III, are given in Fig. 
6 at the four frequency points corresponding to the two 
resonances (1.95 and 2.04 GHz) in the passband and at the two 
nulls in the realized gain values (1.68 and 2.18 GHz). As 
observed in Figs. 6(a) and (b), there are strong and uniform 
current distributions oriented along the x-axis on the radiating 
patch at both resonance frequencies. They explain the flat 
realized gain values shown in Fig. 3(b). On the other hand, the 
current distributions on the patch at both radiation nulls in 
Figs. 6(c) and (d) are quite weak. They explain the very low 
realized gain levels at those null frequencies. Notice that the 
current distributions on the patch shown in Fig. 6(d) are 
almost completely out-of-phase with those associated with the 
upper resonance frequency. This feature further improved the 
upper stopband rejection of the broadside radiated power. 
 

 
 (a) 

 

 
(b) 

Fig. 7 Simulated realized gains values of the LP filtenna design as functions of 
the source frequency when the design lengths (a) L3 and (b) L1 of the 
flipped-y-shaped probe are varied. 
 

Parametric studies were carried out to further analyze the 
key design parameters’ effects on the two realized gain nulls. 
Fig. 7 shows that the simulated realized gains as functions of 
the source frequency when the length L3 of flipped-L-shaped 
open-end stub and the length L1 of the main strip of the feed 
probe are varied. When L3 increases from 3.1 to 5.5 mm, the 
lower null in Fig. 7(a) clearly exhibits a red-shift, while the 
upper one remains almost unchanged. Similarly, when L1 
increases from 29.9 to 32.3 mm, the upper null in Fig. 7(b) 
also exhibits a red-shift, while the lower one remains almost 
unchanged. Therefore, the lower and upper realized gain nulls 
can be independently controlled by changing the parameters 
L3 and L1. This design feature of the optimized LP filtenna is 
advantageous since it facilitates being able to tailor the filter 
response for different applications. 
 
C. Simulated and Measured Results 

The optimized LP filtenna shown in Fig. 1 was fabricated, 
assembled, and measured. This prototype is shown in Fig. 8. 
Four polyamide pillars were utilized to fix the two substrates 
together, as indicated in Fig. 8(b), to ensure the mechanical 
stability of the filtenna during the measurement process. The 
impedance measurements were carried out by using an Agilent 
Technologies E5071C network analyzer. The far-field 
characteristics of the prototype, including its realized gain 
values and corresponding radiation patterns, were obtained 
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with a multi-probe spherical near field test anechoic chamber, 
as shown in Fig. 8(c). 
 

 
 
Fig. 8 Fabricated LP filtenna. (a) Front and back views of each layer before 
assembly. (b) 3-D isometric view after assembly. (c) Antenna under test (AUT) 
in the anechoic chamber. 
 

 
Fig. 9 Simulated and measured |S11| and realized gain values of the optimized 
LP filtenna as functions of the source frequency. 

 

 
Fig. 10 The simulated overall efficiency values of the LP filtenna as a function 
of the excitation frequency. Its operational band is highlighted in yellow. 

 
Fig. 9 provides the simulated and measured |S11| and 

realized gain values of the LP filtenna as functions of the 
source frequency. It demonstrates that the measured -10-dB 
FBW is 7% (1.93-2.07 GHz) in comparison to its simulated 
value, 6.5% (1.92-2.05 GHz). With reference to the realized 
gain curve, a quasi-elliptic band-pass response was obtained as 
predicted. The measured peak realized gain was 5.8 dBi and its 

average value was 5.6 dBi. Again, the measured results agree 
well with their simulated values. High selectivity is clearly 
obtained with the two deep nulls in the realized gain values 
located at 1.7 and 2.22 GHz. The measured out-of-band 
suppression levels are 25.3 dB and 19.6 dB, respectively, at 
the lower and upper edges of the stopband. Moreover, as is 
shown in Fig. 10, the simulated overall efficiency is greater 
than 80% across the entire operational band, 1.92−2.05 GHz. 
 

 
(a)                              (b) 

Fig. 11 The simulated and measured 2-D normalized realized gain patterns of 
the LP filtenna operating at 2 GHz. (a) E-plane. (b) H-plane. 

 
Finally, Fig. 11 illustrates the simulated and measured 

normalized realized gain patterns of the LP filtenna. The 
measured results agree very well with their simulated values. 
It is clear that the peak realized gain is strictly along the 
broadside direction and the measured co-polarized fields are at 
least 28 dB stronger than their cross-polarized counterparts in 
both principal planes. Furthermore, it is noted that the 
measured front-to-back ratio (FTBR) value is ~11 dB, which 
is essentially the same as that of a standard direct-fed patch 
antenna of the same size.  

III. CP FILTENNA 

 
Fig. 12 CP filtenna configuration and its optimized design parameters in 
millimeters: L1 = 29.7, L2 = 10.9, L3 = 4.7, L4 = 14.2, L5 = 17.2, L6 = 23.8, Lp 
= 28.0, Lg = 68.0, W1 = 1.6, W2 = 1.5, W3 = 2.0, W4 = 1.4, D1 = 3.0, D2 = 2.1, 
H1= 3.18, H2 = 1.27, R1 = 0.65. 
 

Fig. 12 shows the CP filtenna configuration. It is a clear 
evolution from the realized LP filtenna design in Fig. 1. An 
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additional T-shaped NFRP element is simply printed aside the 
flipped-y-shaped coupling probe, while the other components 
remain unchanged. The T-shaped NFRP element consists of 
two connected straight strips that are oriented orthogonal to 
each other. The strip along the x-axis has the total length L6 
and is oriented parallel to the main strip of the feed probe. It 
adjusts the coupling strength between the NFRP element and 
the probe. The orthogonal strip is centered on that strip and 
has the total length L5 along the y-axis. It facilitates the 
excitation of a fundamental resonance mode whose currents 
are oriented along the y-axis. The distance between the probe 
and NFRP element is S1. Its variation helps further optimize 
the mutual coupling between the NFRP element and the probe 
to achieve good impedance matching. Additionally, because 
most of the NFRP element is located underneath the patch, its 
presence does not substantially increase the filtenna’s overall 
transverse size. The optimized design parameters are also 
given in the caption of Fig. 12. 
 
A. Simulated and Measured Results 

The optimized CP filtenna shown in Fig. 12 was fabricated, 
assembled, and measured. The fabricated prototype is shown 
in Fig. 13. The test equipment and test environment are the 
same to those shown in Fig. 8 and used to test the LP filtenna.  

 
Fig. 13 Fabricated CP filtenna prototypes. (a) Front and back views of each 
layer before assembly. (b) 3-D isometric view after assembly. (c) AUT in the 
anechoic chamber. 

 

   

Fig. 14 Simulated and measured |S11| and realized gain values of the optimized 
CP filtenna as functions of the source frequency. 
 

As shown in Fig. 14, the measured -10-dB FBW is 8.1% 
(1.9-2.06 GHz) and its simulated value is 8.0% (1.91-2.07 
GHz). The measured peak realized gain value reaches 5.8 dBi 
and the average realized gain value is 5.6 dBi. Again, these are 
also consistent with their simulated ones. As with the LP 
prototype, high frequency selectivity is achieved in the CP 
filtenna due to the presence of the two nulls in its realized gain 
profile. They are located at 1.67 and 2.25 GHz, respectively. 
The measured out-of-band suppression levels are 29.1 dB and 
21.6 dB, respectively, at the lower and upper edges of the 
passband. As is shown in Fig. 15, the simulated overall 
efficiency is greater than 75% across the entire operational 
band, 1.9−2.06 GHz. 
 

 

Fig. 15 The simulated overall efficiency values of the CP filtenna as a 
function of the excitation frequency. Its operational band is highlighted in 
yellow. 

 
Fig. 16 shows the measured and simulated axial ratio (AR) 

values in the broadside direction as functions of the source 
frequency. The measured and simulated 3-dB AR bandwidths 
are 4.5% (1.94–2.03 GHz) and 4.0% (1.94–2.02 GHz), 
respectively. Thus, the measured overlapping FBW (where 
|S11| ≤ −10 dB and AR ≤ 3 dB) is 4.5% (1.94–2.03 GHz). In 
comparison, the simulated overlapping bandwidth is 4.0% 
(1.94–2.02 GHz). Thus, the measured fractional bandwidth 
differs from the simulated one by only 0.5%. In addition, we 
note that the measured impedance bandwidth is wider than the 
AR bandwidth. The overlapping bandwidth ratio: 4.5% / 8.1% 
~ 55.5%. Because this ratio is somewhat low, we considered 
re-optimizing the design parameters to improve it. An 
overlapping bandwidth ratio was attained that is 3.6% / 5.6% 
~ 64%, i.e., an 8.5% improvement. However, the cost is a 
reduction of the overlapping bandwidth, down to 3.6%, i.e., a 
20% decrease. Even so, it is still wider than that of the 
standard L-probe LP patch antenna shown in Fig. 1(a), 3.5%. 
Nevertheless, in order to emphasize that the custom-designed 
coupling probe is a very effective means to enhance the 
operational bandwidth, the filtenna design with the wider 
bandwidth was thus selected for experimental validation. 

 



 
 

7 

 
Fig. 16 Simulated and measured AR values of the CP filtenna as functions of 
the source frequency. 

 

 
Fig. 17 The simulated and measured normalized realized gain patterns of the 
prototype CP filtenna operating at 2.0 GHz in the middle of its passband.  

 
Fig. 17 illustrates the simulated and measured normalized 

realized gain patterns of the CP filtenna prototype. It is again 
clear that its peak realized gain is strictly along the broadside 
direction. Moreover, the measured left-handed (LH) - 
polarized fields are at least 16.0 dB stronger than its 
right-hand (RH) - polarized counterparts in the two principal 
planes. Furthermore, it is noted that the measured FTBR value 
is ~12 dB, which demonstrates that the presence of the 
T-shaped NFRP element has little effect on the backward 
radiation. The measurement results are thus demonstrated to in 
very reasonable agreement with their simulated values. 

 
B. Operating Mechanisms 
The T-shaped NFRP element operates as a current 

orientation-transforming resonator. It empowers the CP 
functionality while maintaining the filter performance. To 
illustrate the CP operating mechanism, the topology of the 
coupled probe and NFRP element is displayed in Fig. 18. One 
observes that there are two coupling paths from the input port 
to the patch. These two paths excite the two orthogonal modes, 
TM10 and TM01, of the patch. The electromagnetic energy 
introduced from the input port is directly coupled to the patch 
through the flipped-y-shaped probe as denoted by Path 1. This 
coupling excites the TM10 mode of the patch with the phase φ1. 
The electromagnetic energy from the input port is also coupled 
to the NFRP element through the feed probe with the phase φ2, 
as denoted along the Path 2. This coupling then excites the 
orthogonal TM01 mode of the patch with the phase delay φ3. 
Known theory [34, 35] then tells us that an equal coupling 

level in these two paths and a 90° difference between φ1 and 
the sum: φ2+φ3, enables the CP radiation mechanism. Note that 
this method achieves the phase along Path 2 to lag that of Path 
1 by 90° without adding any extra phase delay line. 
Consequently, this design significantly reduces the complexity 
of the system and lowers the insertion loss.  

 
Fig. 18 Topology of the CP generation mechanism of the filtenna in Fig. 13. 

 

   
(a)                          (b) 

Fig. 19 Simulated current distributions on the overall feed structure: feed 
probe and T-shaped NFRP element of the CP filtenna at its center frequency, 
2 GHz, when (a) t = 0°, (b) t = 90°. 
 

Fig. 19 shows the simulated current distributions on the 
NFRP element and on the feed probe of the CP filtenna at two 
different time (phase) values during one period of the 
excitation frequency. When t = 0°, most of the current is 
concentrated on the flipped-y-shaped probe surface, primarily 
on its x-axis oriented pieces. Very little current is on the 
T-shaped NFRP element. On the other hand, when t = 90°, 
there are very strong surface currents primarily along the 
y-axis piece of the T-shaped NFRP element in the –y 
direction. Since these two current distributions are orthogonal, 
the NFRP element acts as resonator that transforms the 
orientation of the primary current during each quarter period 
of the excitation frequency to its orthogonal state. Moreover, 
the orientations of the current distributions in Fig. 19 
demonstrate that the current transformation to the -y-direction 
state lags 90° behind its positive x-directed state. Thus, as 
observed in Fig. 17, the CP co-polarization state of the filtenna 
is left-handed. 

As with the LP design, the nulls in the realized gain values 
of the CP design can be separately controlled by adjusting the 
two structural parameters, the lengths L3 and L1 of the feed 
probe. The effects on the impedance and gain bandwidths 
when these lengths are varied were studied. The resulting 
simulated |S11| and realized gain values are illustrated in Fig. 
20. In Fig. 20(a), the lower null exhibits a red-shift, while the 
upper null remains unchanged when L3 is increased from 3.4 
to 5.9 mm. Similarly, the upper null in Fig. 20(b) exhibits a 
red-shift, while the lower null remains almost unchanged 
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when L1 increases from 28.5 to 30.9 mm. These outcomes 
demonstrate that the impedance and gain bandwidths are not 
independently controlled in this design. On the other hand, 
similar parametric studies of the lengths L5 and L6 of the 
T-shaped NFRP element have demonstrated that they have 
almost no impact on the filter performance. 

 

   
(a)                              (b) 

Fig. 20 Simulated |S11| and realized gain values of the CP filtenna design as 
functions of the source frequency when the design lengths (a) L3 and (b) L1 of 
the flipped-y-shaped probe are varied 

 

IV. COMPARISONS 
Detailed comparisons of the performance characteristics of 

our LP and CP filtenna prototypes with other recently reported 
patch-based filtennas are given in Table I. The frequency 
selectivity at the lower and upper edges (FL and FU) of the 
operating band is defined as [22]: 

10 30

10 10

L L
L

U L

f fF
f f

∆−
=

−     

30 10

10 10

U U
U

U L

f fF
f f
∆ −

=
−      

(2) 

The terms f10L and f10U are, respectively, the frequencies at 
which |S11| = -10 dB at the lower and upper edges of the 
passband. The terms fΔ30L and fΔ30U are, respectively, the lower 

and upper frequencies corresponding to the 30 dB gain 
suppression values with respect to the gain at the center 
frequency f0. Better frequency selectivity is represented by 
smaller FL or FU values [22]. The FL and FU values for the 
reported LP and CP filtennas results shown in Figs. 9 and 14 
are 1.73 and 1.36, and 1.5 and1.44, respectively. 

We note that the radiation patches in [6]-[9] acts as the 
last-stage resonator of their feed networks to establish their 
bandpass filter performance. Because their networks are 
multiple resonators placed in series, these filtennas are 
complicated and occupy much larger spaces than our designs. 
The bandpass filter served as the feed network in [10], but the 
height of the antenna system (0.095 λ0) is much larger than our 
designs. Resorting to etching two pairs of straight slots on the 
patch as in [16] not only requires twice the transverse size of 
our designs, but it also does not to extend to a CP filtenna 
design. The hybrid methods in [20], [22], [24], employ either 
stacked patches, shorting pins, or H-shaped feedlines that are 
tailored to introduce nulls in the realized gain profiles near the 
filter’s passband edges. A vertical F-shaped coupling probe is 
adopted in [23] to obtain the filter response. Even though these 
systems realized the bandpass filter while maintaining the 
in-band radiation performance, they are multi-layered and 
even include air gaps [20, 22-24], which make their 
configurations complicated and high-profile. In contrast to the 
above patch-based filtennas, the developed prototypes are 
simple, have the smallest transverse size (0.04 λ0

2) and match 
the lowest reported profile (0.03 λ0). Nevertheless, they 
maintain excellent quasi-elliptic filter responses. Furthermore, 
while the efficiency values of the reported antennas in this 
work (80%) are not as high as those in [23] (95%), the 
transverse sizes and profiles of the former are much smaller 
than those of the latter. 

 
TABLE I   

COMPARISONS OF THE PERFORMANCE CHARACTERISTICS OF THE LP AND CP FILTENNA PROTOTYPES  
WITH RELATED PATCH-BASED FILTENNAS REPORTED IN THE LITERATURE 

Refs. Filtering methods Pol. Profile 
(*λ0) 

Transverse 
size 

(*λ0
2) 

Impedance 
FBW 
(%) 

Overlapping 
AR FBW 

(%) 

Average  
Realized Gain 

(dBi) 

Number 
real. gain 

nulls 
[6] Multiple resonators 

cascade LP 0.05 0.65*0.62 14.7  5.2 2 

[7] Multiple resonators 
cascade CP 0.07 0.53*0.53 14 12.2 5.2 0 

[8] Multiple resonators 
cascade CP 0.04 0.44*0.44 4.5 2.4 3.5 0 

[9] Multiple resonators 
cascade CP 0.03 0.51*0.46 10.3 8.8 5.8 0 

[10] Bandpass filter as 
feed network CP 0.095 0.50*0.50 4.5 4.5 6.1 1 

[16] Two pairs of slots 
etched on the patch LP 0.03 0.35*0.24 7  6.6 2 

[20] Stacking patches & 
U-slot & shorting pin LP 0.11 0.45*0.45 19.6  9.7 3 

[22] Stacking patches & 
one pair of slots LP 0.13 1.00*1.00 8.7  7.2 2 

[23] Vertical F-shaped 
coupling probe  LP 0.1 0.33*0.42 21.3  8.2 2 

[24] Stacking patches & 
H-shaped feedline LP 0.09 0.37*0.37 15.5  9.4 2 

This 
work 

One compact, simple 
feed probe  

LP 0.03 0.21*0.19 7  5.6 2 
CP 0.03 0.20*0.22 8.1 4.5 5.6 2 
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V.  CONCLUSION 
Compact, low-profile, linearly (LP) and circularly 

polarized (CP) patch-based filtennas with notable 
performance characteristics were developed in this paper. A 
custom-designed coupling probe enabled the LP system. By 
augmenting it with a T-shaped NFRP element, the CP version 
was obtained in a simple fashion. It was demonstrated that the 
custom-designed probe facilitates the introduction of an 
additional resonance along with the patch resonance mode. 
The presence of these two resonances increased the 
impedance bandwidth. The probe also facilitated the 
realization of a null in the realized gain profile near both the 
lower and upper frequency edges of the passband. High 
frequency selectivity was thus attained with the resulting 
sharp band-edge skirts while maintaining a compact size 
(0.21 λ0 × 0.22 λ0) and low profile (0.03 λ0). Prototypes of 
both the LP and CP filtennas were designed, fabricated, and 
measured. The measured results agree well with their 
simulated values. Wide impedance bandwidths, flat passband 
realized gain responses, excellent filter roll-off rates, and high 
out-of-band rejection levels were demonstrated. The LP and 
CP designs exhibit a measured FBW of 7% and an 
overlapping FBW of 4.5%, respectively. These filtennas 
would be useful for many space-limited wireless platforms, 
such as satellite communication, electronic countermeasure, 
and radar detection systems, since one could take advantage 
of their good in-band radiation and out-of-band filtering 
performance features to achieve compact, low-profile 
configurations. 
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