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 

Abstract—Facing the demand for decoupling and filtering for 

large-scale antenna arrays in modern communication systems, a 

transmission-line-based scheme is proposed and studied in this 

article. Different from other decoupling networks published 

recently featuring narrow decoupling bandwidths and high 

spurious levels, the proposed approach uses simple T-shaped 

networks where decoupling and filtering responses are realized 

simultaneously, leading to high frequency selectivity and 

improved decoupling bandwidth. The proposed design is a simple 

one-dimension configuration but powerful for two-dimension 

arrays. Based on the study case of a 4×4 dual-polarized patch 

array, theoretical analysis and full-wave simulation are carried 

out to verify the performance in the decoupling and frequency 

selectivity of this method. A prototype is further fabricated, 

assembled, and measured to demonstrate the performance of the 

proposed method in practice. The measured and simulated results 

are consistent with each other where a low insertion loss of around 

0.6 dB is observed. The results denote that the proposed method is 

easily realized with a very small effect on the radiation 

performance of antenna elements, making it to be a potential and 

valuable decoupling and filtering solution for large-scale arrays. 

 
Index Terms—Active impedance matching, decoupling, 

filtering, massive multiple-input and multiple-output. 

 

I. INTRODUCTION 

S an important task for large-scale array systems, for 

instance, massive multiple-input multiple-output (MIMO) 

and phased arrays, mutual coupling suppression becomes an 

active research area and attracts increasing attention recently 

[1]-[5]. In terms of communication capacity, beam scanning 

ability, and linearity of power amplifiers, the influence of the 

mutual coupling among antenna elements on the performance 

of systems can be negligible if the coupling is suppressed to a 

low level. A 17-dB isolation level among antenna elements is 

normally sufficient for MIMO transmission from the error rate 

and envelope correlation coefficient point of view [5]. 

However, for large-scale antenna array systems, an isolation 

level of 17 dB is not high enough since additional 
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considerations are involved under beam scanning conditions. 

First of all, the active impedance of the antenna elements would 

be significantly influenced when doing beam steering if the 

mutual coupling is not suppressed to a very low level [6]-[9]. It 

has been verified in [6] that with 15-dB isolation, the maximum 

VSWR of the elements in a linear array is almost six, which is 

still higher than two even the isolation is enhanced to 20 dB. In 

[8] and [9], it is found that the active VSWR of the MIMO 

antennas is almost less than two once the mutual coupling can 

be suppressed to less than −25 dB. Besides, active impedance 

mismatching would significantly change the load impedance 

values of the power amplifiers, which would further lead to 

nonlinear distortion and may decrease the amplifier efficiency. 

Thus, an isolation level of 25 dB is normally required for a 

massive MIMO antenna array. In the past decade, many efforts 

have been devoted to dealing with the coupling issue, such as 

electromagnetic bandgap structure [10], LC-based network 

[11], distributed-circuit-based scheme [12]-[14], decoupling 

metasurface [15], defected ground [16] and scatter-loaded 

scheme [17]. Most of these approaches were proposed for two- 

or three-element arrays, at the cost of large element distances, 

high insertion losses, bulky system sizes or the isolation level is 

not high enough for massive MIMO antenna arrays.  

For large-scale arrays, some decoupling methods were 

reported more recently [7]-[9], [18]-[23]. In [7], a 

coupled-line-based decoupling network was studied for an 

E-coupled linear antenna array. For dual-polarized M×N patch 

arrays, a lattice-shaped decoupling network was given in [8]. 

Because of the strong resonance characteristic, the decoupling 

bandwidths were narrow. In [9], antenna decoupling surfaces 

were designed to suppress the mutual coupling of 

dual-polarized antenna arrays, at the cost of high profile since 

the surfaces were positioned approximately half-wavelength 

away from the antenna aperture. To further suppress the 

coupling between diagonal pair of elements, a phase 

compensation method for antenna decoupling surface was 

provided in [20], but only effective for the arrays with 

staggered distributions. Near field resonators and wavetrap 

structures were studied for large-scale arrays in [22] and [23], 

respectively. Due to the specified decoupling structure or 

limited physical dimensions, the two schemes are not effective 

for dual-polarized arrays.  

According to the aforementioned reports, it is found that 

network-based decoupling methods are generally effective for 

dual-polarized arrays with low profiles and a very small effect 

A Simple Decoupling Network With Filtering 

Response for Patch Antenna Arrays  

Yi-Ming Zhang, Member, IEEE, Qi-Cheng Ye, Student Member, IEEE, Gert Frølund Pedersen, 

Member, IEEE, and Shuai Zhang, Senior Member, IEEE 

A 



A Simple Decoupling Network With Filtering Response 

 

2 

on radiation performance since there is no additional structure 

positioned in or around radiating structures. However, the 

decoupling bandwidth is restrained by the strong resonance 

characteristics of transmission lines. Besides, the out-of-band 

spurious level might raise [8], which would increase the burden 

of the subsequent filtering module from the entire system point 

of view.  

On the other hand, antennas designed with filtering 

responses, called filtering antennas, have been a focused 

research area [24]-[30], since filters are also the essential 

components in modern communication systems. Here, high 

frequency selectivity, out-of-band spurious rejection, and 

system miniaturization can benefit from the integration design 

of antennas and filters. In general, there are two approaches to 

realize filtering antennas. The first one focuses on the 

investigation of radiating structure with filtering responses 

[24]-[26], and the second aims at the integration of antennas 

and filtering feedings [27]-[30]. For the former, a bulky 

dimension of the antenna itself is generally required since 

additional structures are essential. This is not suitable for 

large-scale arrays where a small element distance is needed. At 

this point, the latter would be a potential candidate for 

large-scale array applications to achieve filtering responses. 

Based on the above discussions, cascading a filter at the input 

interface of every decoupled antenna might be a solution to 

improve the frequency selectivity of antenna arrays, leading to 

a suppressed spurious. However, this kind of simple connection 

would result in large system sizes. Moreover, additional 

insertion losses were caused by the filter itself, and the filtering 

performance might be degraded due to the non-ideal matching 

at the connection between the filter and antenna [27].  

In this paper, a simple T-shaped 1-dimension decoupling 

network with filtering responses is proposed and studied for 

2-dimension large-scale patch antenna arrays. Please note that 

decoupling schemes using T-shaped bridges have been studied 

widely [12], [13], [19]. In [12], a T-shaped bridge was studied 

to generate two decoupling resonances for dual-band 

two-element arrays. In [13], a two-order decoupling network 

for dual-band two-element arrays was studied, where a 

T-shaped bridge was utilized for the decoupling of the lower 

operating frequency and keeping the independence between the 

decoupling stages of the two frequencies. In [19], a T-shaped 

network was utilized for decoupling and impedance matching 

improvement. Different from these works, the proposed 

scheme is not a simple cascade configuration but realizes the 

decoupling and filtering performance simultaneously by using 

a single T-shaped network. To the best of the authors’ 

knowledge, this is the first report that both decoupling and 

filtering functions can be generated by using a simple network 

configuration. The main novelties and merits are as follows. 

(1) The filtering network shares the same network for 

decoupling, leading to low insertion loss and compact size, 

where only a single PCB layer is required. The method can be 

widely utilized for large-scale dual-polarized antenna arrays. 

(2) The transmission zeros for filtering at both the lower and 

upper frequencies can be generated and tuned independently 

with high frequency selectivity. 

(3) Owing to the filtering property, the decoupling 

bandwidth is wider than the ones using other network-based 

methods, e.g., in [8]. The vertical and diagonal pairs of 

elements in large arrays are also decoupled, despite there is no 

direct decoupling structure for these elements. 

This paper is organized as follows. Section II provides the 

theoretical analysis of the proposed network, including the 

decoupling, filtering as well as impedance matching. In Section 

III, graphical studies are further carried out to show the tuning 

of the filtering responses and the decoupling levels between the 

elements which are mentioned and not mentioned in Section II. 

Full-wave simulations and measurements of a demonstrator are 

summarized in Section IV. Array performance under scanning 

conditions is also provided. Finally, a conclusion is stated in 

Section V.  

II. ANALYSIS OF THE PROPOSED DECOUPLING METHOD  

In this section, theoretical synthesis is operated to show the 

principles of decoupling and filtering. For ease of analysis, a 

4×4 dual-polarized patch antenna array centered at 3.5 GHz is 

utilized as a study case, as shown in Fig. 1. The element 

distances in vertical and horizontal directions are different, 

representing 0.5λ0 and 0.7 λ0 (λ0 is the free space wavelength at 

the center frequency), respectively. In this article, the proposed 

networks operate directly on the horizontally allocated adjacent 
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Fig. 1. Configurations of a 4×4 dual-polarized patch antenna array integrated 

with the proposed decoupling networks.  
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antennas with co-polarization. Seeing that the isolation 

between cross-polarized port is already high enough, there is no 

additional decoupling operation for the cross-polarized ports. 

The isolation between non-adjacent ports is normally high 

enough in patch antenna arrays, there is also no additional 

decoupling operation for these ports. This is a common 

consideration during the decoupling of large-scale arrays 

[7]-[9], [21]-[23]. Therefore, the basic decoupling principle is 

that the isolation between non-adjacent elements should not be 

degraded. Moreover, owing to the filtering response 

introducing by the decoupling networks for horizontal pairs, the 

mutual coupling levels between vertical and diagonal pairs of 

elements are also decreased. There is also no direct decoupling 

for these pairs, which will be discussed in the next section. 

Therefore, this work presents a 1-dimension method to 

decouple 2-dimension antenna arrays, featuring a very simple 

design procedure, filtering response, and compact size.  

The physical layout of the proposed decoupling network 

with filtering responses is illustrated in Fig. 2(a), where ports 1, 

3, 5, and 7 are selected as the representative ports. The realized 

network includes three parts, decoupling and filtering part, 

impedance matching part (Transformer part in Fig. 2(a)) as well 

as transition part for soldering MMCX connectors. Fig. 2(b) 

plots the equivalent circuit of the proposed network given in 

Fig. 2(a). It is depicted that the network is composed of 

T-shaped distributed circuits, where all the electrical lengths 

are referred to the center frequency f0.  

Next, the investigation of the proposed scheme will be 

operated in three parts. The principles of decoupling and 

filtering will be investigated in Part A. The realization of 

impedance matching and the design of transition for 

implementation will be discussed in Part B. A complete design 

procedure for dual-polarized arrays will be given in Part C.   

A. Network analysis of the proposed structure 

As illustrated in Fig. 2(b), the proposed network features 

both decoupling and filtering responses. For decoupling 

purposes, a simplified circuit is constructed, as shown in Fig. 3. 

The investigation of the T-shaped network given in [13] based 

on microwave network theory [31] is introduced for decoupling 

analysis, expressed as (1)-(8) in this article. More detailed, the 

transmission matrix between Nodes 1 and 2 through the 

antenna coupling is formulated as  

1 1 1

1 1 21 21

1

11 1 21 21

1

1 1 1

1

1
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1 21 1 1 21 1 1 1
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b A jZ C jZ

B jZ D

  
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 
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              (2) 

On the other hand, the transmission matrix between Nodes 1 

and 2 through the T-shaped bridge can be expressed as  

2 2 2
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cos sin 1 0
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where 

2 2 4

2 2 3 3 2 2 3

4

sin tan
(cos ) sin sin cos

Z
b jZ jZ

Z

 
         (4) 

For decoupling purposes, we have that 

021

1 2

1 1
0f fY

b b
                                (5) 

Then the following relations can be derived that 
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Fig. 2. Configurations of the proposed decoupling networks for the array given 

in Fig. 1. (a) Bottom view of the decoupling network for ports 1, 3, 5, and 7. 

(b) Equivalent circuit model of the decoupling network.  
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Fig. 3. Simplified equivalent circuit of the proposed scheme for decoupling 

investigation. 
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where 

2
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DP A Z B
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 
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From (6a), it is derived that 

21 21

1

21 1

Im[ ]
arctan

2Re[ ]

A D

C Z


    
   
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                  (8a) 

2
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It is found from (8) that for an arbitrarily given value of Z1, 

there always has a solution for θ1. Subsequently, a group 

solution of Z4 and θ4 can be further determined based on (6b) 

with given values of Z2, Z3, θ2, and θ3. The above analysis 

denotes that the decoupling between Nodes 1 and 2 can be 

achieved by following the derived descriptions shown in (6)-(8), 

where the parameters of Z2, Z3, θ1, θ2, and θ3 are selected in 

advance.  

Now consider the proposed network as working in filtering 

mode. Here, network analysis for filtering purposes is carried 

out, where a simplified circuit is further developed, as sketched 

in Fig. 4. It is seen that for the selected antenna element, two 

T-shaped networks are shunted at Node 1. Since the leaking 

power through the decoupling network is of a small part, 

compared to the total input power, the ends of the two T-shaped 

networks are open-circuited for simplification purposes. Then 

the transmission matrix between Node 1 and the input interface 

of the antenna element can be given by 

1 1 1

3 3

1

13 3 1 2

1

cos sin
1 0

sin
cos1F F
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a b

jc d Y Y
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          (9) 

where the input admittances seen looking into the T-shape 

networks are    

 
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3 4 2 2 3 4 4 3
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On the other hand, the study in [32] provides the conversion 

relationships between S parameters and transmission 

parameters of a two-port network, expressed as  

,

0 0 0 0

2 S L

L S

L S L S

R R
S

a Z b c Z Z d Z


  
                    (11) 

where the parameters ZS and ZL are the source and load 

impedances, respectively, and the parameters RS and RL are the 

real parts of the source and load impedances correspondingly. 

The parameters a0, b0, c0, and d0 represent the transmission 

parameters of the network. As for the circuit model plotted in 

Fig. 4, the load impedance ZL is equal to the input impedance of 

the antenna ZAN, and Node 1 is considered as the source. Facing 

the filtering purposes, it is assumed that transmission zeros are 

generated at the selected frequencies f1 and f2, where f1 < f0 < f2. 

Substituting (9) and (10) into (11), it is found that the 

transmission coefficient SL, S would be zero at the frequencies of 

f1 and f2 under the following relations 

 
1

3 3 2 2 4 4 2 4 2tan tan tan tan 0
f f
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From the derived relations of (12), transmission zeros would be 

obtained at the frequencies f1 and f2, resulting in bandpass 

responses. 
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Fig. 4. Simplified equivalent circuit of the proposed scheme for filtering 

analysis. 
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Fig. 6. (a) Configuration of the MMCX-to-CPW-to-microstrip line transition 

for testing purposes. (b) Full-wave simulated results of the transition.  
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Based on the aforementioned discussions, a decoupling 

network with filtering responses can be fully determined from 

the relations of (6)-(8) and (12).  The next part will discuss the 

matching network and the transition for implementation 

purposes. 

B. Impedance matching and implementation for testing 

Seeing that the impedance matching is not involved during 

the numerical studies in Section II, a T-shaped multi-section 

transformer is utilized to compensate for the mismatching 

caused by the decoupling and filtering, as mentioned in Fig. 

2(a) and shown in Fig. 5. Once the decoupling network is 

determined, the parameter values of the matching network can 

be readily derived by using the network synthesis method [31], 

which is not detailed for brevity. Although additional insertion 

losses would be introduced by the four-order transformer, the 

total efficiency of the array using the proposed scheme is still 

kept at a high level. This will be discussed and verified in 

Section IV, where a prototype is manufactured and measured. 

For implementation and testing purposes, MMCX 

connectors are employed and a microstrip-to-CPW transition is 

presented, as mentioned in Fig. 2(a) and illustrated in Fig. 6(a). 

The end of the microstrip line connects to the input node of the 

decoupling network, and the end of the CPW line is fed by the 

MMCX connector directly. To further show the transmission 

performance of the transition, full-wave simulations are carried 

out. The results are plotted in Fig. 6(b). It is observed that the 

transition is well-matched with a very low insertion loss of 

approximately 0.15 dB within the studied frequency band. 

After integrating the impedance matching networks and the 

transitions for testing in practice, a network that features 

decoupling and filtering is developed.  

C. Design procedure of the proposed scheme 

To describe the realization of the proposed scheme more 

clearly, a design flowchart is given as shown in Fig. 7, and a 

design procedure is further summarized as follows.  

Step 1: Conforming the specifications, such as substrate 

parameters, center frequency f0, transmission zeros at the 

desired frequencies f1 and f2, and extracting the mutual coupling 

matrix among antennas through full-wave simulations.  

Step 2: Determining the values of Z1, Z4, and θ4 with given 

values of Z2, Z3, θ2, and θ3 by using (6)-(8). As mentioned, the 

parameters of Z2, Z3, θ1, θ2, and θ3 are selected in advance. This 

step aims to find the relations of the parameters under 

decoupling mode. 

Step 3: Evaluating and checking whether the determined 

values obtained from Step 2 satisfy the condition (12). If not, a 

new group of Z2, Z3, θ1, θ2, and θ3 would be selected, and the 

others need to be renewed through Step 1 until they fit (12). 

This step gives further requirements for the parameters under 

filtering mode. Please note that in this step, dozens or hundreds 

of iterations are normally required. Choosing a proper 

optimization algorithm can achieve the purposes readily and 

quickly. In this article, the random optimization method 

provided by the Advance Design System, an electronic design 

automation software, is utilized to establish the lossless 

transmission-line mode and determine the parameter values. 

Step 4: Determining the impedance matching networks. 

Step 5: Determining the physical configuration. Based on the 

theoretically selected parameter values, the final layout of the 

decoupling network can be constructed and further optimized 

through full-wave simulations. In this step, all the situations 

encountered in practical implementation will be taken into 

account, involving the influence of the soldering pad of the 

connectors, the effect of the meandered lines as well as the 

mutual coupling between transmission lines.  

In summary, by using the presented procedure, decoupling 

networks with filtering responses for linear arrays can be 

realized. For the 4×4 dual-polarized array shown in Fig. 1, it 

can be considered as two individual arrays with orthogonal 

polarizations. Then, a decoupling network can be constructed 

by extending the proposed scheme. Despite that no decoupling 

scheme is directly used for the vertically positioned elements, 

the mutual coupling among these elements is also suppressed to 

almost less than −25 dB. This is contributed by the filtering 

responses of the proposed decoupling network, resulting in 

improved frequency selectivity at the lower- and 

upper-frequency edges. Consequently, the out-of-band 

spurious are suppressed, leading to partially suppressed in-band 

mutual coupling between the vertical pairs. In the next section, 

numerical studies are going to be operated to further verify this.  

III. FURTHER INVESTIGATION USING CASE STUDIES 

The theoretical investigations described in Section II focus 

on the decoupling and filtering purposes for horizontally 

allocated antenna elements, based on numerical derivations. In 

the section, graphical studies are further carried out to show the 

visible determination of the two transmission zeros generated 

Calculating the mutual coupling 

coefficients of antenna array

Determining the impedance matching networks

Determining the values of Z1, Z4, and θ4 with given 

values of Z2, Z3, θ2, and θ3 based on (6)-(8)

Evaluating and checking whether the 
determined values satisfy (12)

Converting all transmission-line parameters to 

physical values

Determining the final layout using EM simulations

End

Yes

No

Conforming the specifications including substrate 

parameters, center frequency, transmission zeros

 

Fig. 7. Design flowchart of the proposed decoupling-filtering network. 
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by the proposed scheme, which will be discussed in Part A. 

Moreover, the decoupling performance for horizontal, vertical, 

and diagonal pairs of antenna elements will be shown and 

discussed in Part B. Some comparison studies between the 

proposed scheme and a previously published method will also 

be given.  

A. Transmission zeros  

As discussed in Section II, the filtering response is 

determined by two given frequency edges f1 and f2, as described 

in (12). Seeing that the proposed decoupling network is 

integrated with the antenna array in practice, it is not easy to 

evaluate the transmission performance from the input port of 

the network to the corresponding antenna element directly. On 

the other hand, as for the circuit shown in Fig. 4, there should 

have reflection poles at the two sides of the center frequency, 

representing the transmission zeros determined by (12). This 

implies that for the mutual coupling between the decoupled 

antenna elements, there would also have a transmission zero at 

each side of the center frequency. At this point, the 

transmission response between Port 12 and Port 14 of the array 

in Fig. 1 is selected as the study case to present the filtering 

responses. The transmission coefficients S14,12 with several 

groups of parameter values are calculated based on (6)-(8) and 

(12), as listed in Table I. Further, graphical studies are carried 

out, as sketched in Fig. 8. Notice that all the cases are matched 

by using the configuration illustrated in Fig. 5, which is not 

detailed for brevity.  

For Cases A, B, C, and D, the upper transmission zero is 

locked, while the lower one can be tuned by itself. This is 

similar when the lower transmission zero is specified, as 

depicted in Fig. 8(d). It is seen that the magnitudes of S12, 12 of 

all the study cases are approximately equal to one at the 

transmission zeros f1 and f2. This implies that all the other 

transmission coefficients among the antenna elements have the 

same transmission zero positions. The results indicate that the 

two transmission zeros can be adjusted independently, 

meanwhile, the decoupling performance at the center frequency 

3.5 GHz is not influenced seriously. Note that the decoupling 

bandwidth is influenced when the transmission zeros are 

moving. In some cases, the bandwidth can be extended, 

compared to the original one without decoupling. However, as 

the transmission zeros get closer to the center frequency, the 

decoupling level would be better but the impedance bandwidth 

(constrained between two transmission zeros) becomes 

narrower. Consequently, there is a tradeoff between the 

decoupling and impedance bandwidth when determining the 

transmission zeros f1 and f2. The basic consideration is that the 

passive bandwidth should not be narrowed after decoupling.  

Furthermore, parameter sensitivity of the filtering and 

decoupling performance of the array integrated with the 

proposed structures is also investigated to give a visible 

guideline for realization. Here, Case D is selected as the 

reference study. Fig. 9 illustrates the magnitudes of S14, 12 

varying with the changing of the key parameters based on Case 

D. Notice that the decoupled antennas are all impedance 

TABLE I 

PARAMETER VALUES OF SOME STUDY CASES  

Cases 
Z1 (Ω) 

θ1 (°) 

Z2 (Ω) 

θ2 (°) 

Z3 (Ω) 

θ3 (°) 

Z4 (Ω) 

θ4 (°) 

Case A 
50 Ω 

73° 

81 Ω 

446° 

86 Ω 

136° 

83 Ω 

78.9° 

Case B 50 Ω 

64° 

78 Ω 

429° 

99 Ω 

136° 

84 Ω 

78.9° 

Case C 
50 Ω 

66° 

66 Ω 

409° 

98 Ω 

150.4° 

95 Ω 

85.8° 

Case D 
50 Ω 

65° 

56 Ω 

396° 

120 Ω 

151.4° 

95 Ω 

86.4° 

Case E 
50 Ω 

66° 

59 Ω 

394° 

120 Ω 

156.6° 

95 Ω 

87.2° 

Case F 
50 Ω 

64° 

61 Ω 

394° 

97 Ω 

142.8° 

99 Ω 

87° 
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Fig. 8. Graphical studies of the filtering responses of the decoupled 4×4 

dual-polarized patch antenna array. (a) and (b) f2 is locked. (c) and (d) f1 is 

locked.  
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matched around the center frequency with ǀSi, iǀ ≤ −10 dB, which 

are not detailed for brevity. For the decoupling, the operating 

frequency departs away from the center frequency f0 when the 

value of θ1 changes, but a high decoupling level still holds at the 

operating frequency as plotted in Fig. 9(a). As for the filtering 

performance, the transmission zeros at the lower and upper 

frequencies are mainly determined by the electronic lengths of 

θ2 and θ3, respectively. This implies that the rejection band of 

the decoupled antenna is controlled mainly by θ2 and θ3. The 

influence of changing the values of Z2, Z3, and Z4 on the 

performance is provided in Fig. 9(e). The transmission 

responses, including the transmission zeros and the decoupling 

bandwidth, are tuned slightly, despite that some of the 

characteristic impedance values change among wide ranges. 

The aforementioned discussions denote that the rejection and 

decoupling bands are mainly determined by the electronic 

lengths of the transmission lines. The characteristic impedance 

values of the stubs play a fine-tuning role intuitively.  

B. Decoupling performance for horizontal, vertical, and 

diagonal pairs 

By following the proposed design procedure, a decoupling 

network for the dual-polarized antenna array plotted in Fig. 1 is 

designed. The theoretical values of the parameters are listed in 

Table II. Then, the decoupling performance between 

horizontal, vertical, and diagonal pairs of antenna elements can 

be obtained. Based on the results of Fig. 8 and the discussions 

in Section II-A, it can be reasonably concluded that the 

coupling suppression between the vertical or diagonal allocated 

elements is mainly contributed by the transmission zeros. With 

the moving of the transmission zeros, the decoupling 

bandwidth is also changed. Taking Cases A, B, C, and D for 

example, when the transmission zero at the lower frequency f1 

is moving close to the center frequency f0, the mutual coupling 

is suppressed not only at f1, but also among the band between f1 

and f2. Therefore, by properly selecting the lower and upper 

transmission zeros, the coupling between vertical or diagonal 

elements can also be suppressed more or less. On the other 

hand, the method presented in [8] can also be utilized to 

decouple dual-polarized 2-dimension antenna arrays but needs 
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Fig. 9. Parameter sensitivity of the filtering and decoupling performance of the 

array based on Case D, with the different values of (a) θ1, (b) θ2, (c) θ3, (d) θ4, 

and (e) Z2, Z3, and Z4. 

 

TABLE II 

CALCULATED VALUES OF THE PARAMETERS OF THE PROPOSED SCHEME 

Parameters Values (Ω) Parameters Values (°) 

Z1 50 θ1 70.5 

Z2
 73 θ2 394 

Z3 120 θ3 150 

Z4 70 θ4 86.5 

Zm1 116 θm1 114 

Zm2 52 θm2 185.4 

Zm3 102 θm3 84.4 

Zm4 85.6 θm4 157.2 
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network
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network
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Fig. 10. Decoupling configuration of a referenced scheme based on the 

method reported in [8], for linear arrays.  
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multilayer stackup to place the decoupling network and without 

any filtering responses. To make an available comparison, the 

scheme reported in [8] is simplified to decouple the array 

shown in Fig. 1, as illustrated in Fig. 10 and marked as the 

referenced scheme. The referenced one is also a 1-dimension 

method. Replacing the proposed decoupling-filtering scheme 

shown in Fig. 2 by the referenced one, the 4×4 dual-polarized 

antenna array can be decoupled for horizontal elements, but 

without any filtering responses. The same to the proposed 

scheme, there is no direct decoupling structure for the vertical 

and horizontal pairs of elements in the referenced scheme.  

Fig. 11 illustrates the calculated results of the 4×4 arrays by 

using the proposed and referenced schemes, based on the 

equivalent circuits depicted in Fig. 2(b) and Fig. 10 

correspondingly. Here, Port 12 is selected as the representative 

port. Compared to the result without decoupling, the antennas 

using the proposed or referenced decoupling methods feature 

wider impedance bandwidths, as illustrated in Fig. 11(a). The 

in-band reflection coefficients of the two decoupled arrays are 

almost less than −15 dB. However, the out-of-band signal is not 

well-suppressed when using the referenced method, which has 

been verified in [8]. Thus, the mutual coupling suppression 

level of the proposed one is much better than the referenced one, 

when the frequency departs away from 3.5 GHz as revealed 

from Fig. 11(b). It is observed from Fig. 11(c) and Fig. 11(d) 

that for the proposed scheme, the mutual coupling among 

vertical and horizontal pairs are also suppressed or kept at a low 

level of less than −24.7 dB. In contrast to the proposed scheme, 

the coupling between the horizontal pair, S20, 12, is still higher 

than −24 dB when the referenced scheme is employed, and 

particularly, the isolation level between diagonal elements is 

decreased to less than 22.5 dB. Based on the aforementioned 

discussions, it is numerically verified that the proposed 

decoupling method is effective for the vertical and diagonal 

allocated antenna elements, despite that there is no direct 

decoupling structure for these elements.  

In the next section, the design example is fabricated. 

Full-wave simulated and measured results will be provided to 

show the practical performance.  

IV. FINAL DESIGN, MEASUREMENTS AND DISCUSSIONS 

After electromagnetic optimization, the physical dimensions 

are finally determined. The decoupled antenna array is 

fabricated as shown in Fig. 12. The entire size is 250×200×5.56 

mm3, where the decoupling and filtering network is printed on a 

single substrate layer with a compact layout. This section 

includes three parts. In Part A, the measured results of the 

designed antenna are given and discussed. The array 

performance under scanning conditions and comparisons with 

recently published works are provided in Part B and Part C, 

respectively.  

A. Measurements of the array 

The proposed array is fully tested by using the Keysight 

N5227A network analyzer and the in-house SATIMO SG24L 

spherical near-field scanner. Fig. 13 illustrates the measured 

impedance matching and mutual coupling responses of the 
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Fig. 11. Calculated mutual coupling of the decoupled 4×4 dual-polarized 

patch antenna array. (a) S12, 12. (b) S14, 12. (c) S20, 12. (d) S18, 12 and S22, 12. 

 

 
Fig. 12. Photos of the developed array with the proposed decoupling-filtering 

network.  
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array, where port 12 is chosen as the representative port. The 

array without any decoupling or filtering structure is also 

simulated, measured, and summarized to make a visible 

performance comparison. It is observed that good frequency 

selectivity is obtained. The coupling between horizontal pairs is 

suppressed to less than −25.1 dB, while the maximum level 

before decoupling is −18.3 dB.  Moreover, the out-of-band 

spurious are also suppressed owing to the introduced filtering 

responses. As illustrated in Fig. 14(a) and Fig. 14(b), the mutual 

coupling levels between vertical and diagonal pairs, i.e. S4, 12 

and S22, 12 correspondingly, are all decreased to less than −25 

dB, as expected and numerically verified in Section III. Fig. 

14(c) and Fig. 14(d) depict the coupling levels between 

non-adjacent and cross-polarized elements, respectively. The 

results denote that for the developed antenna array, all the 

mutual coupling paths among antenna elements are 

well-suppressed or kept at a very low level. The spurious are 

reduced within the studied frequency band, contributed by the 

additional filtering responses. 

The radiation performance is tested, including radiation 

patterns, maximum realized gain, and total efficiency, which 

are illustrated in Fig. 15, Fig. 16(a) and Fig. 16(b) 

correspondingly. To show the out-of-band rejection of the 

decoupled array, a wide frequency band from 1.5 to 5.5 GHz is 

selected as the study band. Since there is no additional structure 

loaded on/around the radiation patches, the radiation patterns of 

the decoupling array are close to the original one without any 

decoupling scheme. The measured maximum gain is given in 

Fig. 16(a), a high frequency selectivity level is achieved, a 

transmission zero is generated at each edge of the passband. 

Meanwhile, the total efficiency exhibits a bandpass response as 

well. It is found that the realized gain among the lower spurious 

frequency band is well-suppressed to almost less than −12.5 

dBi. The gain has peaks as the frequency departs from the upper 

transmission zero points, such as 4.25 GHz and 4.8 GHz. 
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Fig. 13. Measured and simulated (a) impedance matching performance and (b) 

coupling between adjacent elements along the horizontal direction of the 

decoupled array. 
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Fig. 14. Measured and simulated mutual coupling among other elements of the 

decoupled array. (a) S4, 12 and S20, 12. (b) S18, 12 and S22, 12. (c) S16, 12 and S28, 12. (d) 

S11, 12 and S13, 12. 
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Despite this, the maximum gain at the upper stopband is still 

decreased, compared to the one without decoupling. All the 

measured results are consistent with the full-wave simulated 

ones. Around 10% total efficiency loss is observed from Fig. 

16(b), which will slightly decrease the MIMO multiplexing 

efficiency. But with the reduced mutual coupling from around 

-17 dB to -25 dB, several dBs can be gained from the improved 

VSWR, high power amplifier efficiency, and integrated filter 

function. The discussions denote that the developed array 

features well-designed decoupling and filtering responses, with 

a low profile and low insertion loss.  

Compared to the array without decoupling, a small insertion 

loss of around 0.6 dB is introduced for the demonstrator, which 

is mainly introduced by the lossy transmission lines. This 

would contribute a 1.2-dB improvement to the isolation. For the 

horizontally-positioned antennas, excluding the transmission 

losses, the maximum coupling level is less than −23.9 dB after 

decoupling within the operating frequency band, and the 

isolation level around the center frequency is still higher than 

30 dB, as evaluated from Fig. 13. As for the coupling levels of 

the decoupled antennas shown in Fig. 14 where the antenna 

elements are not decoupling directly, they are also suppressed 

by 1~3 dB even if the transmission losses are excluded. It is 

believed that the insertion loss of 0.6 dB is acceptable in this 

article since both decoupling and filtering responses are 

achieved simultaneously for large-scale antenna arrays. For 

instance, the decoupling network proposed in [8] introduced a 

0.7-dB insertion loss for a 4×4 array without filtering function. 

It can be concluded that for the decoupled array in [8], simply 

cascading a filter at the input interface of every decoupled 

antenna to further achieve filtering function would introduce 
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(b) 

Fig. 15. Measured and simulated radiation patterns at 3.5 GHz when the 

representative port is excited. (a) E plane. (b) H plane.  
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Fig. 16. Measured and simulated (a) maximum realized gain and (b) total 

efficiency when the representative port is excited. 
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Fig. 17. (a) Simulated patterns of the proposed array under different beam 

scanning angles, when ports 10, 12, 14, and 16 are excited. (b) Simulated gains 

at different beam scanning angles, when ports 10, 12, 14, and 16 are excited.  
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additional insertion losses by the filter.  

B. Scanning performance 

In this part, the beam scanning performance of the decoupled 

array is further investigated. For ease of study, ports 10, 12, 14, 

and 16 are selected as the representative ports. Fig. 17(a) 

describes the radiation patterns scanned from 0° to 45°, at 3.5 

GHz. A 2.7-dB gain reduction from θ = 0° to θ = −45° is 

observed, mainly due to the gain degradation of the radiation 

pattern of the antenna elements. The realized gains against 

frequencies at different scanning angles are given in Fig. 17(b). 

Despite small insertion losses, good selectivity is still kept as 

expected. 

The active reflection coefficients of the arrays with and 

without the decoupling networks are also simulated, as 

illustrated in Fig. 18. The active impedance matching of the 

array without decoupling is unstable under scanning conditions. 

For instance, port 14 is almost mismatched with the scanning 

angle of 15°. The common active impedance bandwidth before 

decoupling is dramatically decreased. Moreover, the result 

implies that the effect of the mutual coupling on the active 

impedance matching of the antenna elements is random. 

Compared to the array without decoupling, the decoupled one 

features more stable responses. The common active impedance 

bandwidth is not narrowed and almost the same as the passive 

result recorded in Section IV-A. Particularly, there is nearly no 

offset between different reflection curves apparently from these 

results. In a word, after integrating the proposed decoupling 

networks, the array is well-matched with stable frequency 

selectivity.  

C. Summarized Comparisons 

Here, some recently published decoupling methods for 

large-scale antenna arrays are summarized for comparison 

purposes, as listed in Table III. The schemes presented in [7], 

[19], [21], and [22] are employed for 1-dimension array 

configurations. This means that they are useful for linear 

antenna arrays, but may not effective for M×N (2-Dimension) 

arrays. Besides, the methods reported in [8] and [9] can be 

employed for decoupling dual-polarized arrays, and the rest of 

the methods focus on single-polarized configurations. 

Moreover, there is no filtering response in all of the published 

works listed here. As for the proposed decoupling method, it is 

available for dual-polarized 2-dimension antenna arrays, and 

additional bandpass responses are generated from the realized 

gain point of view, exhibiting well-designed filtering functions. 

Besides, the proposed method can also be applied in the case of 
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Fig. 18. Simulated active reflection coefficients of the proposed array under 

different beam scanning angles, when ports 10, 12, 14, and 16 are excited. 

Beamforming at  (a) 0°, (b) −15°, (c) −30°, (d) −45°. 
 

TABLE III 

COMPARISONS BETWEEN THE PROPOSED DECOUPLING SCHEME AND SOME 

RECENTLY PUBLISHED WORKS 

Ref. 
Decoupling 

Method 

Array 

Configuration 

Antenna 

Polarization 

Filtering 

Response 

[7] Network 1-D single No 

[8] Network 2-D Dual No 

[9] Surface 2-D Dual No 

[19] Network 1-D Single No 

[21] Weak field 1-D Single No 

[22] Resonator 1-D Single No 

[23] Wavetrap 2-D Single No 

This work Network 2-D Dual Yes 
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smaller inter-element distance or other types of antenna 

elements since the design procedure is independent of antenna 

types and array configurations. 

V. CONCLUSION 

A simple and compact decoupling method with a filtering 

response is proposed for patch antenna arrays in this work. 

Specifically, the proposed scheme is not a combination of 

decoupling and filtering networks, but is achieved by a 

T-shaped transmission-line-based architecture that contributes 

both the filtering and decoupling responses. Theoretical 

analysis and full-wave simulations are operated to verify the 

performance of the proposed network, along with a design 

procedure for implementation purposes. A demonstrator is 

further manufactured and measured to display the practical 

decoupling and filtering levels. Besides, scanning responses of 

the decoupling array are also investigated, which shows a 

well-matched impedance matching and very stable frequency 

selectivity. Moreover, there is no additional structure loaded on 

or around the radiating structures, leading to a low profile and a 

very small influence on the radiation patterns. Both the 

simulated and measured results show that the presented scheme 

features compact physical sizes and low insertion losses, 

making it available for large-scale arrays to realize the desired 

responses.  
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