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Abstract. A dielectric resonator-based filtering array 
antenna along with multi input-multi output (MIMO) char-
acteristics is represented in this paper. Two rectangular 
dielectric resonators, together with a filtering power split-
ter (PS) is used to get a high gain filtering response. The 
PS, which consists of a simple T-junction 3-dB power 
splitters and two pairs of band-rejection resonators, pro-
vides four transmission zeros outside the passband. Detail 
study with an equivalent circuit is presented to understand 
the working principle of the filtering PS. By utilizing this 
PS, a two element DRA array is designed at sub-6 GHz 
frequency band (3.20 GHz–3.54 GHz) with an average 
broadside gain of 7.8 dBi in the passband and four radia-
tion dips outside the passband. The proposed filtering DRA 
array effectively suppresses the out-of-band signal, deliv-
ers sharp selectivity at band edges. Finally, coalescing the 
two-filtering array, a MIMO antenna system is presented 
here. The filtering array MIMO antenna gives reasonable 
port isolation of greater than 20 dB throughout the oper-
ating band. All the major diversity parameters to establish 
MIMO characteristics e.g. envelope correlation coefficient 
(ECC), diversity gain (DG), channel loss capacity (CCL), 
and total reflection coefficient (TARC) persist within their 
tolerable ranges. 
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1. Introduction 
One of the acute concerns in communication systems 

is the overlapping caused by the harmonics. For the last 
few years, filters and antenna are co-designed in a single 
system to overcome the insertion losses and make a com-
pact structure. Overlapping between adjacent operating 
frequency bands can also be effectively removed by the co-
design approach [1–3]. Filtering antenna response is estab-
lished using the co-design technique without any use of 
matching circuitry which leads to a more straightforward 

design [4–6]. An open-loop resonator bandpass filter (BPF) 
is integrated for the filtering response of a printed mono-
pole antenna in [4]. In [5], an arc-slot antenna is cascaded 
with an ultra-wideband (UWB) filter to enhance the selec-
tivity away from passband. In [6], integration of a Vivaldi 
antenna with a capacitively loaded loop (CLL) resonator 
BPF produces a filtenna. Furthermore, the antenna array 
has become widely used for high gain antenna applications. 
High gain antenna arrays are mainly required to compen-
sate the large free-space path losses and for well directive 
communication. As power divider is required for designing 
antenna array complexity arises in the feed network, re-
sulting in unexpected resonances. One can resolve this 
issue by developing a band selective feed network for an-
tenna array [7–9]. In [7], filtering antenna elements and 
filtering feed networks are combined to realize a filtering 
patch antenna array. Eight-element filtering planar antenna 
array with reduced sidelobe level is presented in [8]. 
A resonator-based four-port power divider is coupled with 
the 2  2 patch antenna array for accomplishing a fourth-
order filtering response [9].  

In the meantime, dielectric resonator antennas 
(DRAs) become popular in the late ’90s for their various 
advantages like the absence of conduction loss, high radia-
tion efficiency, etc. DRAs consist of a low loss ceramic 
volumetric assembly of multiple geometries such as rec-
tangular, cylindrical, triangular, spherical, etc. and excite 
via numerous feeding techniques [10], [11]. In recent times 
some research groups are working on filtering DRAs  
[12–18]. A filtering DRA with high gain is achieved using 
parasitic strips in [12]. A stacked DRA with higher order 
mode is used to accomplish a broadband filtering antenna 
in [13]. The hybrid feeding technique is applied to obtain 
filtering DRAs in [14–16]. A quasi-isotropic filtering DRA 
and a circular polarized filtering DRA have been proposed 
very recently in [17], [18] with two radiation nulls in the 
gain response. Silver coated slots are incorporated to obtain 
a narrow band filtering DRA in [19]. A third order filtering 
feed network is integrated with a rectangular DRA to 
achieve filtering gain response in [20]. Again, with the 
speedy revolution of wireless systems, researchers are 
recommended multi input-multi output antennas. MIMO 
antennas are able to produce high data rate and high chan-
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nel capacity, even in the existence of multipath fading. 
Low-loss and high gain DRA arrays could be a better 
choice to design MIMO antenna system, which can com-
pensate free-space path losses [21–24].  

In this paper, a two element DRA array with filtering 
gain characteristics is developed for sub-6 GHz applica-
tions, and this design is further extended to design a two 
port multi input-multi output (MIMO) antenna. A simple 
T-junction 3-dB power splitter integrated with two pairs of 
band-rejection resonators is used as a feedline for the array. 
Two DRA elements are placed over the ground plane at 
a separation of 0.53λ0 and energized through rectangular 
slots in the ground plane. The array operates over the fre-
quency band of 3.2 GHz–3.54 GHz with a high broadside 
gain of 7.8 dBi. The proposed array shows sharp band-
edges selectivity with two radiation dips on either side of 
passband, and the out-of-band suppression level is less 
than –25 dB. Finally, two filtering DRA arrays are posi-
tioned opposite to each other to develop a two-port filtering 
MIMO DRA array. The response of the MIMO DRA array 
is studied thoroughly in terms of port isolation (> 20 dB), 
ECC < 0.008, DG > 9.99, CCL < 0.3 and TARC < –15 dB 
to validate its reliability. The MIMO DRA array poses high 
gain with adequate in-band MIMO performance. Simula-
tion results are verified through the fabrication and meas-
urement of the filtering MIMO DRA array. 

2. Design Methodology of Filtering 
DRA Array 
The design principle of filtering DRA array is de-

scribed in this section. First, the formation of 3-dB filtering 
PS is shown and then the configuration of the two elements 
filtering DRA array is described in detail. 

2.1 3-dB Filtering Power Splitter 
The conventional T-junction PS with a quarter-wave 

transformer is considered in this paper for division and 
supply of equal power to the radiating elements. The con-
ventional T-junction PS is designed at a center frequency 
of 3.4 GHz. The band-edge selectivity of the power-splitter 
is improved by coalescing two pairs of band rejection reso-
nators in the 1st stage of the PS and marked as input filter-
ing stage (IFS) in Fig. 1(a). The S-parameters in Fig. 1(b) 
depict a filtering performance with four transmission zeros 
(TZs) at 2.5 GHz, 2.82 GHz, 3.8 GHz and 4.3 GHz outside 
the operating band. A sharp band-edge response is ob-
served compared with the conventional PS (Conv.PS). 

One can control the TZs as per requirement by 
changing the dimension of the resonators. The input filter-
ing stage (IFS) of the PS containing the resonators is repre-
sented using an equivalent circuit model and the response 
of the circuit is compared with the response of electromag-
netic simulator as given in Fig. 2(a-b). Values of Ll, Cl, Lu, 
Cu are determined from (1) and (2) as given in [25], [26]:  

 
(a)                                                    (b) 

Fig. 1.  (a) Layout of the 3-dB filtering power splitter 
(Parameters:  Lg /4 = 14.4, wg = 3.45, wm= 2.1. Unit: 
mm). (b) Simulated S-parameter responses. 

 
(a) 

 
(b) 

Fig. 2.  (a) Layout of Input Filtering Stage (IFS) (Parameters: 
S1 = 8.5, S2 = 4.5, l1= 20.6, l2 =13.1, wr= 1. Unit: mm) 
(b) Equivalent circuit representation along with 
frequency response. 
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where zl and zu are the resonance frequencies of lower 
and upper TZ, respectively. The coupling capacitors (Ce1 
and Ce2) and the inductor (Lm) are judiciously tuned to 
allocate the TZs at preferred position. The evaluated values 
of L and C are: Ll = 6.2 nH, Cl = 0.55 pF, Lu = 2.75 nH, 
Cu = 0.55 pF, Lm = 1.5 nH, Ce1 = 0.03 pF, Ce2 = 0.015 pF, 
respectively. 

2.2 2-Element Filtering DRA Array 
Two elements filtering DRA array configuration is 

illustrated in Fig. 3(a). Two rectangular DRAs (RDRA) are 
placed over the ground plane at a spacing of 0.53λ0 (center-
to-center), where λ0 is the wavelength corresponding to the 
center frequency of 3.37 GHz. The individual RDRAs have 
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a length/width (wdr) and height (hdr) of 18.5 mm, 15.3 mm 
respectively and dielectric material has the dielectric con-
stant 10 and loss tangent 0.002. These RDRA sizes are 
primarily evaluated using the formulas in [14] for the gen-
eration of TE111 mode at 3.37 GHz. The DRAs are ener-
gized by two coupling slots engraved on the ground plane 
and the filtering fed line is printed at the bottom surface of 
the substrate. A low loss both-sided copper cladded Arlon 
material with dielectric permittivity 2.7, thickness 0.79 mm, 
length lsb = 110 mm and width wsb = 80 mm is used as sub-
strate. All the dimensions of the array configuration are 
stated in Fig. 3(a). Variation of mutual coupling (S21) 
between inter-element of the array with distance is plotted  
in Fig. 3(b). The center-to-center distance between the  
two elements is varied from 0.3λ0 to 0.8λ0. It is apparent that 

 
(a) 

 
(b) 

 
            (c)                                                    (d) 

Fig. 3.  (a) Layout of the 2-element filtering DRA array. (Pa-
rameters: la = 16, lm = 14.25, a = 1.5, Sed = 29.3. Unit: 
mm). (b) Simulated mutual coupling versus center-to-
center distance between two elements; Comparison of 
(c) simulated S11 and (d) gain response of the conven-
tional DRA array and the proposed filtering DRA array. 

 
Fig. 4.  E-field variation within the radiators of the filtering 

array at four radiation dips and center frequency 
Filtering MIMO DRA. 

0.5λ0 separation between the two elements at 3.37 GHz, 
a 15-dB coupling level is achieved. Spacing between the 
array elements is kept at 0.53λ0, which gives a stable broad-
side gain pattern. Simulated S11 and gain response are 
plotted in Fig. 3(c-d) to differentiate the conventional 2-
element DRA array (conv. array) with the proposed filter-
ing DRA array. All the parameters of the conv. array are 
identical except that the IFS is excluded from the feedline. 

It can be observed that both the antenna operates at 
the center frequency of 3.37 GHz. Dissimilar loading in the 
feed splits the resonant frequency of TE111 mode of RDRA 
in the proposed design; hence multiple resonances are 
obtained in closed proximity. S11 response reaches sharply 
to 0 dB beyond the operating band and this ensures decent 
filtering behavior of the proposed array. The frequency 
selective nature of this array can also be confirmed from 
the frequency vs gain plot. Acute transition in the gain plot 
at the band-edge with four radiation dips (N1, N2, N3, N4) at 
2.42 GHz, 2.74 GHz, 3.78 GHz, 4.28 GHz respectively are 
evident in Fig. 3(d). No such band-edge transition is no-
ticed in conv. array. The out-of-band gain is suppressed to 
less than –31 dB in the lower stopband and –17 dB in the 
upper stopband. E-field distributions within the DRA are 
plotted in Fig. 4. Fields intensity inside the DRA at fre-
quencies of four radiation dips is nearly zero; hence the 
radiation at those frequencies is insignificant. Whereas the 
E-field distribution inside the DRA at the center frequency 
3.37 GHz demonstrates the proper excitation of TE111 
mode of RDRA. 

2.3 Filtering MIMO DRA Array 
A two-port filtering MIMO DRA array is designed by 

placing the array antenna discussed in Sec. 2.2. In literature 
[27], [28], interlaced topology is used to design MIMO 
antenna system. From [28], one can find that for interlaced 
MIMO array antenna reasonable port isolation can be 
achieved either by increasing the spacing between the array 
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element or introducing some isolation circuits. An increase 
in inter-element spacing may cause higher sidelobe level, 
tilted main beam. As our aim is to obtain a stable broadside 
gain with sharp filtering response, a face-to-face placement 

 
(a) 

 

 
(b) 

Fig. 5.  (a) Layout of the proposed two port filtering MIMO 
DRA array. (b) S-parameters plot with the variation of Sm.  

 
Fig. 6.  E-fields variation within DRAs at 3.37 GHz. Port-1 is 

excited and Port-2 is terminated with matched load and 
vice-versa. 

of the array is considered in this paper. Two filtering DRA 
arrays are placed opposite to each other at a separation of 
Sm. This technique provides a reasonable amount of port 
isolation and stable gain pattern without increasing the 
inter-element spacing and any use of extra isolation cir-
cuits. The proposed MIMO antenna structure is displayed 
in Fig. 5(a) and S-parameters for different values of Sm are 
shown in Fig. 5(b). It is noticeable that |S11| is as similar as 
the single port filtering array antenna and the values of port 
isolation parameters (|S12|/|S21|) are less than –17 dB 
throughout the operating band for Sm = 46.5 mm. E-field 
distributions within the radiating elements of this MIMO 
antenna at 3.37 GHz are shown in Fig. 6. Here, Port 1 is 
energized and Port 2 is terminated with 50 Ω impedance 
and vice versa. It can be easily visualized that a sufficient 
amount of energy is coupled to the radiators associated 
with Port 1, whereas the field intensity of the radiators 
related to Port 2 is extremely low. As a result, port isola-
tion values remain within a tolerable range. 

3. Fabrication and Measurements 
The proposed MIMO antenna is practically imple-

mented on Arlon AD270 (ɛr = 2.7, tan  = 0.002) copper-
coated laminate and DR are made from ECCOSTOCK Hik 
dielectric slab and it is displayed in Fig. 7(a-b).  

An Agilent N5230A vector network analyzer is used 
to perform S-parameters measurements and measured re-
sults are given in Fig. 7(c). Measured operating bandwidth 
is 0.45 GHz from 3.19 GHz to 3.64 GHz, where isolation 
between ports remains below 18 dB and it agrees well with 
simulation results. Simulated and measured gain vs fre-
quency response of the MIMO antenna is plotted in 
Fig. 7(d). Mentioning the figure, frequency selective nature 
of the gain response with sharp roll-off in band-edge and 
four radiation dips outside passband assures the filtering 
performance of this MIMO configuration.  

Flat in-band gain of 8.0±0.25 dBi is obtained and 
suppression levels between in-band and out-of-band gain 
remain below –25 dB. Far-field radiation pattern of the 
filtering MIMO DRA array is plotted in Fig. 8 at 3.3 GHz 
and 3.4 GHz. Measurement is done by connecting one port 
with a power meter and terminating another port with 
a matched load. A good broadside directive pattern with 
a cross-polarization level below –25 dB is achieved both in 
E and H-plane. It is visible from Fig. 8 that the 3-dB beam-
width in the E-plane is approximately 105°. A more directive 

    
(a)                                                  (b) 
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(c) 

 
(d) 

Fig. 7.  Fabricated prototype for the proposed MIMO DRA 
array: (a) bottom view, (b) top view, (c) corresponding 
variation of simulated and measured S-parameters 
magnitude with frequency, (d) simulated and measured 
broadside gain with frequency. 

 

(a)  

(b)  
                E-plane (x-z plane)                              H-plane (y-z plane) 

Fig. 8.  Simulated and measured normalized radiation patterns 
for the proposed MIMO antenna along xz-plane and 
yz-plane at: (a) 3.3 GHz and (b) 3.4 GHz. (Port-1 is 
excited and Port-2 is terminated with matched load). 

beam with beamwidth of 60° is obtained in H-plane as the 
proposed design behaves as 2-element H-plane linear array. 

4. Diversity Performances 
Diversity performance is needed to study along with 

the S-parameters and radiation patterns to understand the 
behavior of the antenna in MIMO application. Characteri-
zation of diversity performance is analyzed from envelope 
correlation coefficient (ECC), diversity gain (DG), channel 
capacity loss (CCL) and total reflection coefficient 
(TARC) values. 

Information regarding correlation between the radia-
tion patterns of two antenna elements is provided by ECC. 
Fundamental equation for calculation of ECC is based on 
radiation parameters. However, it is very complex process. 
Hence, broadband ECC calculation from the S-parameters 
is evaluated in [29]. Although, it is easy process, it can be 
applicable for well-matched and highly radiation efficient 
antennas. High radiation efficiency is the inherent charac-
teristic of DRAs. As simulated efficiency of the proposed 
MIMO array is around 86% in the operating band, here 
ECC is computed from S-parameters based formula given 
in [30]. 
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where Sii is reflection coefficient and Sij is mutual coupling 
between the MIMO ports. The simulated and measured 
ECC is shown in Fig. 9(a) and values are well below 0.01 
throughout the operating range and hence satisfy the diver-
sity criterion.  

Diversity gain (DG) signifies the signal to noise 
improvement ratio with respect to the unit antenna element 
and it is computed using (4) given in [31] 

 210 1 .DG ECC     (4) 

The DG values are depicted in Fig. 9(a) and it is > 9.99 dB 
in the operating band. 

Channel capacity loss (CCL) is yet another notewor-
thy parameter for the characterization of MIMO system. 
CCL can be computed from S-parameter using (5–7) given 
in [31] 

 R
2log ( ),CCL   ψ  (5) 

 R [ ]; , 1, 2i jij ψ   (6) 

where ΨR is receiving antenna correlation matrix and 

2 2 * *(1 | | | | ), ( ); , 1or 2.ii ii ij ij ii ij ji ijS S S S S S i j          (7) 

The evaluated CCL values lie within the limit (i.e. 
< 0.5 bit/s/Hz) in the operating range as depicted in 
Fig. 9(b). As the value of this diversity parameter gives 
a satisfactory performance in the operating band and dete-
riorates sharply at band edges, it reflects excellent filtering 
MIMO characteristics. 
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(a) 

 
                           (b)                                                           (c)                  

Fig. 9.  Frequency variation of (a) Envelope Correlation 
Coefficient (ECC) & Diversity Gain (DG), (b) Channel 
Capacity Loss (CCL) and (c) measured Total 
Reflection Coefficient (TARC) for the proposed 
antenna. 

Total active reflection coefficient (TARC) is the 
maximum attainable operating bandwidth when all the 
radiators in the MIMO system operate simultaneously. For 
an N-element MIMO system, TARC metrics can be con-
structed as per (8), (9), given in [31]  
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and  b = S a  (9) 

where ai and bi denote the incident and reflected signal at 
the ith port respectively, and S represents the scattering 
matrix. As the resultant values are complex in nature, 
TARC values are evaluated for multiple relative phase 
angles (0°, 60°, 120°, 180°) and are depicted in Fig. 9(c). 
A stable response for all the phase angles with values be-
low –10 dB is observed in the operating range. There is 
a little difference between experimental and simulated 
results in Fig. 9(a). The difference in measured and simu-
lated results may arise due to the manual placement of the 
DR over the substrate and the use of adhesive material to 
append the dielectric resonator (DR) over the substrate. 
Though the measured results deviate a little from the sim-
ulation, the value of the diversity parameters remains in the 
threshold range and gives a satisfactory performance in the 
operating band. 

Table 1 compares the proposed filtering MIMO DRA 
array with some recently reported MIMO DRA. It is appar-
ent that the proposed design provides sound port isolation 
with excellent average broadside gain of 8 dBi. The pro-
posed MIMO DRA array provides filtering gain character-
istics hence it minimizes the out-of-band interference. It 
also offers exceptional ECC/CLL values within the oper-
ating band. 

 

[Ref], Year Array Isolation 
(dB) 

Avg. Gain 
(dBi) 

ECC/CCL 
(bits/s/Hz)

Filtering

[34], 2015 N 18 N.A <0.02/-- N 

[35], 2019 N 18 4 <0.21/<0.3 N 

[33], 2017 N 20 3 <0.16/<0.25 N 

[27], 2019 N 25 6.2 <0.002/<0.2 N 

[22], 2017 Y >25 7 <0.002/-- N 

This work Y 20 8 <0.008/<0.3 Y 

Tab.1. Performance comparison of MIMO DRA with the 
proposed work. 

5. Conclusion 
A high-gain MIMO DRA array with skirt filtering 

gain characteristics is studied in this paper. First, a two-
element filtering DRA array is incorporated by amalgam-
ating an input filtering stage (IFS) with a conventional T-
junction power splitter. The array offers an average gain of 
7.8 dBi in the operating band (3.2 GHz–3.54 GHz) with 
a sharp roll-off at band-edges. The presence of four-radia-
tion dips outside the operating band enhances the fre-
quency selectivity of the array with a noticeable amount of 
gain suppression (below –25 dB) outside the passband. 
This array is further utilized to configure a two-port MIMO 
DRA array. The proposed filtering MIMO DRA array is 
fabricated and tested to validate the simulation results. 
Measured results are in good agreement with the simula-
tion results with an impedance bandwidth of 13% from 
3.19 GHz to 3.64 GHz and port to port isolation of 20 dB. 
Its appropriateness as sub-6 GHz high gain frequency-se-
lective MIMO array can be concluded from all the values 
of diversity parameters (ECC, DG, CCL), port isolation 
and gain response. 
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