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ABSTRACT 

 

 

A 28 GHz patch antenna array with reduced mutual coupling 

for 5G communication systems is presented in this paper. Two 

elements antenna array was simulated with a periodic boundary 

to represent an infinity array. The antenna array is attached 

with a pair of the coupled directional coupler with a coupling 

value of -3.47 dB, and transmission lengths of 3.40 mm and 7.62 

mm depending on the antenna array's magnitude and phase 

coefficient were designed and simulated. A reduced mutual 

coupling of -31.86 dB compared to -10.75 dB for an array 

without a decoupling network was observed. The wide scanning 

angle of ±180o was also achieved. These results were obtained 

under smaller antenna elements interspacing of 0.43λ0. 

Moreover, the proposed antenna array design achieved a 3.32 

GHz enhanced fractional bandwidth which is 11.8%. Generally, 

this work found that the combinatorial advantages of using the 

gap coupled inset feed technique and employing a pair of 

directional couplers develop the patch antenna array design 

with better performance. 
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INTRODUCTION 

Antennas operating at millimetre wave 

(mm-wave) frequencies with bandwidth 

availability are a promising area for 5G 

communications, which is not yet 

extensively explored. These bands can 

offer enough bandwidth; however, it 

suffers a high propagation loss (Federico et 

al., 2021; Mehdi et al., 2020). Several 

studies proposed antennas with high gain 

to combat the high propagation loss, which 

necessitates antenna arrays (Qu et al., 

2020, Koul et al., 2018). The antenna 

elements in the arrays produce mutual 

coupling between them. If their 

interspacing is less than half wavelength at 

the resonance frequency (λ0), it reduces the 

admittance, resulting in a reduced scanning 

angle of the antenna (Hansen, 1998; Xia et 

al., 2015).  

Different methods to reduce mutual 

coupling using isolated elements have been 

proposed (Cheng & Luo, 2021; Dhamankar 

& Lopes, 2016).  Electromagnetic Band 

Gap (EBG), which involves introducing the 

dielectric material on the antenna array, is 

one of the methods detailed in Vikrant 

(2013). The EBG suppresses the surface 

wave in an array by allowing multiple 

reflections between the patches and 
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dielectric material, producing multiple 

radiators and gaining enhancement and 

mutual coupling reduction. However, the 

introduced dielectric increases the size of 

antenna arrays (Dellaoui et al., 2018). In 

Benykhlef (2017), the author proposed an 

EBG structure with a reduced size of 67.2% 

compared to the conventional EBG. It 

achieved a mutual coupling reduction of 6 

dB, which is relatively small for large 

antenna arrays. Defected Ground Structures 

(DGS), which modifies the ground plane by 

introducing slots at antenna array ground to 

reduce mutual coupling between antenna 

elements, is amongst the other method 

(Saada, 2017). The DGS defects disturb the 

current distribution and change the 

transmission line characteristics such as 

capacitance and inductance, changing 

antenna performance (Xia et al., 2015).  

Apart from reducing mutual coupling, the 

introduced patterns of slots on the ground 

can cause severe backward radiation, which 

can destroy the performance of an antenna 

array by increasing the back lobe level 

(Cheng & Luo, 2021; Kiani-kharaji et al., 

2018). Strongly coupled elements technique 

is also proposed to provide a good scanning 

angle, resulting in broadband-enabled 

antenna elements. This technique can 

provide a wide scanning angle and compact 

geometry because it does not need 

additional structures. Though, the 

arrangement of the array elements and the 

distance between the elements remains an 

interesting area of research (Pralon et al., 

2017). 

Antennas for 5G must have a gain of at least 

12 dB and a bandwidth of more than 1 GHz 

with a scanning angle ability of at least ±600 

(Federico et al., 2021; Sulyman et al., 

2014). Some techniques meet the 

requirements at the expense of increasing 

the antenna size, so the optimal design 

needs to consider the bandwidth, gain, 

antenna element spacing and scanning 

angle. The scanning ability relies on each 

antenna element's amplitude and phase, 

which combine in complex weight to 

improve sidelobe suppression (Rahimian et 

al., 2017). This work focused on designing 

the 28 GHz patch antenna array with 

reduced mutual coupling for wide scanning 

ability. Mutual coupling reduction 

originates from the applied designed pair of 

directional couplers, which provide indirect 

coupling for cancelling out with direct 

mutual coupling from an antenna array. The 

motive behind the designed decoupling 

network was to ensure a wide scanning 

angle by providing wide impedance 

matching. This work also implied the gap 

coupled inset feed technique for bandwidth 

enhancement during the single element 

antenna design. 

 

METHODS AND MATERIALS 

Single Element Antenna Design Process 

A single element antenna resonating at 28 

GHz was designed and simulated using 

CST Microwave Studio, and the optimal 

design was projected into two antenna 

element arrays. A directional coupler was 

also designed according to the coupling 

magnitude and phase of the antenna array 

for mutual coupling reduction. The initial 

design of a single element antenna came 

from the microstrip antenna design 

equations as detailed in Hansen, (1998), 

Matin, (2015), Saada, (2017), which obeys 

the transmission model. The transmission 

model was chosen because it is easier to 

get the impedance matching which is very 

important in ensuring a wide scanning 

angle. The antenna and directional 

couplers were designed using Rogers RT 

5880 substrate with dielectric constant (εr) 

equals 2.20 since the substrates with low 

dielectric constant produce microstrip 

antennas with high bandwidth, which is an 

essential requirement in antenna for 5G 

communications systems. The design  also 

used 0.381 mm as the height of substrate 

(h), which is a thin substrate for antenna 

miniaturisation, and it is at the accepted 

range for substrate height, 0.003λo ≤ h ≤ 

0.05λo (Yazdani, 2008). The initial design 

comprising the single antenna element 

with the inset feed technique showed a 
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bandwidth of 0.85 GHz. The gap coupled 

inset feed technique was employed to 

obtain a bandwidth of greater than 1 GHz. 

This technique is one of the feeding 

techniques used in microstrip patch 

antenna. It consists of a gap between the 

feed and the antenna patch, as illustrated in 

its gap discontinuity π-equivalent circuit in 

Figure 1. 

 

 
Figure 1: Equivalent circuit of the gap 

coupled inset feed (Saada, (2017) 

 

Hong & Lancaster (2001) expressed the 

mathematical equations for estimating the 

coupling gap capacitance, Cg, for circuit 

matching. Those equations were evaluated 

in this work using MATLAB software for 

estimating the value of gap capacitance, 

Cg, used to match with the gap size. The 

introduced gap between the patch and the 

feed must be properly etched because the 

abrupt changes in the feed's dimensions 

may give rise to a change in electric and 

magnetic field distributions, thereby 

leading to a direct impact on the antenna 

reflection coefficient. The Cg reduces with 

the increase in coupling gap length, 

Lcoupled, as shown in Figure 2. The study by 

Martel et al, (1991) demonstrated that for 

infinite gap spacing, Cg approaches zero 

and Cpp equals to the end capacitance for 

an open ended microstrip line. Hence the 

open circuit λ/2 microstrip line shunt 

capacitance was assumed in estimating the 

initial value for coupling gap capacitance 

using the following expression: 

1

4
g

o

C
fZ

=  leading to Cg =0.178 pF. 

When the feed is indirectly connected to 

the patch, it produces a capacitive circuit. 

If the gap increases, the source might fail 

to reach the targeted feeding location at the 

patch, hence the impedance mismatch. 

Therefore, the effect of changing the size 

of the introduced gap had been studied, as 

shown in Figure 3. The frequency response 

matched at the gap Lcoupled = 0.1 mm 

resulted in an enhanced bandwidth 

whereby at 28 GHz frequency, the return 

loss of less than -60 dB was observed, and 

it deteriorates when the size of the gap 

changes. 

 

Figure 2: The coupling gap capacitance change with its length 

 
Figure 2: The coupling gap capacitance 

change with its length 

 

 
Figure 3: Effect of changing the size of the introduced gap between feed and patch 
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Figure 3: Effect of changing the size of the 

introduced gap between feed and patch 

Performance characteristics like 

bandwidth, return loss, gain, and 

directivity are important in designing a 

single antenna element. These factors 

affect the overall performance of the 

antenna array system, so it is necessary to 

make sure that the designed single antenna 

element has good performance for the 

intended application as other factors might 

not be altered even when extending to an 

array. The final geometry of a single 

antenna element was as presented in 

Figure 4. The optimal values of patch 

length, width and size of the single 

element antenna at all are summarised in 

Table 1. 
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Figure 4: The geometry of the single element antenna 

Table 1: Single Antenna element parameters used for simulation 

Notation Value (mm) 

Lp 3.200 

Wp 3.600 

l 0.500 

h 0.381 

t 0.035 

Wf 0.920 

Lf 0.680 

Wgap 1.500 

Lfi 0.600 

Lcoupled 0.100 

  

Antenna Array 

A linear structure with varying distances 

between the patches, d, was employed in 

the geometry of an array because the linear 

structure tends to keep wide beams 

orthogonal, thus requiring only 1-D for a 

wide scanning angle which is very 

important in 5G handsets. The array 

indicated that the distance between 

antenna elements influences the mutual 

coupling (S12) between them and thus, 

affects the overall active reflection 

coefficient (S11) of an antenna array. The 

proposed two-element antenna array 

showed the effect of mutual coupling to 

the interspacing between patch elements, 

as summarised in Figure 5. The coupling 

at 28 GHz was very strong when 

interspacing of d = 1 mm = 0.43λ0 was 

considered, and it gives S12 of -10.75 dB 

while it decreases to -25 dB at d = 8 mm = 

1.08λ0. 
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Figure 5: Effect of varying interspacing between antenna elements of an array 

 

Decoupling Network Scattering Matrix  

The four-port directional coupler was 

considered as detailed in Figure 6, 

including input, isolation, through and  

 

 

coupled. A single directional coupler that 

is matched and reciprocal has a scattering  

matrix (Sc) with parameters as shown in 

(1). 
 

 
 

Figure 6: The structuree of a directional coupler 
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By unitary property SS* = 1(2), and  if Sc14 

= Sc23 = 0 for the directional coupler, the 

self-product of the rows of unitary 

property yields a series of equations well 

derived in (Sierra, 2010). 

Sierra (2010) stated that comparing the 

equations implies that Sc13 = Sc24 and Sc12 = 

Sc34 which is always employed in a single 

coupler only. If a pair of the directional 

couplers have to be used, then Sc12 ≠ 

Sc34  and the scattering matrix of 

the pair of the directional coupler, SD, will 

be expressed as (3). Its scattering 

parameter elements are detailed (Xia et al., 

2015) 

12 13

21 13

13 34

13 34

0 0

0 0

0 0

0 0

D D

D D

D

D c

D D

S S

S S
S

S S

S S

 
 
 =
 
 
 

             (3) 

To ensure decoupling, ideally the value of 

the total coupling coefficient of decoupling 

network and antenna array, ST  was 

assumed to be zero, which means 

cancellation of mutual coupling. This gave 

(4), which is useful in the initial estimation 

of amplitude of coupling coefficient of 

decoupling network, Co. The phase of 

coupling coefficient of an antenna array, 

θ1, was used to estimate the electrical 

transmission length, Lt1 , of the 

decoupling network as per (5). 

0

2

1

A

A

S
C

S
=

+
                                         (4) 

1 1tL = −                                                   (5) 

From the antenna array, the coupling 

magnitude, SA, and phase, θ1, at 

interspacing 0.43λ0 were found to be -

10.75 dB and -166.40, respectively. By 

using (4), the coupling magnitude, Co, of 

the directional coupler had to be -3.47 dB 

and the length of transmission line 1, Lt1 

had to be 166.4o in reference to (5), which 

is equivalent to 4.95 mm in electrical 

length. By using the relationship θ1 + θ2 = 

(2n-1)π for n = 1, 2, 3, the length of 

transmission line 2 was assumed to be 

373.60, which is equivalent to 11.11 mm 

electrical length. To comply with the 

geometry of the designed patch antenna 

array, which has the Wp = 3.6 mm, the ratio 

1:2.24 was used as a reference to get Lt1 

and Lt2 which fits the array geometry.  

After designing the pair of directional 

couplers, the impact of changing distance 

between coupler lines was investigated in 

Figure 7. At 28 GHz, distance (𝑠) has little 

influence on coupler coupling, which can 

be explained by the fact that this design is 

grounded on the length of transmission 

lines in controlling coupler coupling 

ability. However, s = 0.1 mm was chosen 

in this work as it is within the required 

accepted range 0.1≤ s/h ≤ 5 as in (Sierra, 

2010) and it gives nearly the calculated 

value of coupling -3.47 dB. 

Also, the distance between coupled lines 

fixed to s=0.1 mm and the effect of 

varying width of the coupler (Wc) was 

studied as shown in Figure 8. It is 

observed that coupling increases as Wc 

decreases. After several parametric studies 

during simulations, the value of Wc equal 

to 0.7 mm was preferred as it gives the 

calculated value of coupling and is within 

the acceptable range. The final structure of 

the pair of coupled directional couplers is 

as in Figure 9. 
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Figure 7: Effect of changing distance 

between coupler lines of the directional 

couplers 
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Figure 8: Effect of changing the width of couplers lines 

 

 
 

Figure 9: The geometry of the proposed pair of directional couplers 
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Figure 10: The two-element antenna array integrated with a pair of directional couplers 

 

The decoupling network consists of the 

optimal design of pair of coupled 

directional couplers and two antenna 

element array was integrated and their 

geometry was arranged as in Figure 10. 

The optimal values of coupler and two 

element antenna arrays at all are 

summarized in Table 2. The detailed 

performance of this system is analyzed in 

the next section. 

 
Table 2: Couplers and two element antenna array parameters 

Notation Value (mm) 

Lt1 3.400 

Lcc 2.670 

T2 1.500 

Lgap3 2.000 

Wgap2 1.200 

Lgap2 1.570 

Wgap2 0.400 

Wgap1 0.400 

l 1.200 

s 0.100 

Wc 0.700 

d 1.000 

 

 

RESULTS AND DISCUSSION 

Single Element Antenna Return Loss 

and Bandwidth 

The parametric study came up with an 

optimal return loss value, as shown in  

 

 

Figure 11. The antenna with inset feed 

indicated a return loss value of -35.1 dB 

with a bandwidth of 0.85 GHz. After 

introducing a coupled gap between a patch 

and feed line that aimed to maintain the 

input impedance matching, the return loss 
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decreases to -63.5 dB. What cannot be 

underestimated here is the increase in 

bandwidth to 2.27 GHz, which is better 

than other works, as summarised in Table 

3. This wide bandwidth is much required 

in the 5G communication systems. In 

Halaoui et al, (2020), the antenna element 

at 28 GHz shows a return loss of -35 dB 

but with a quite low bandwidth of 0.89 

GHz. It uses the inset feeding technique 

but without gap coupled. Saada, (2017) 

utilises a gap coupled technique at 28 GHz 

operating frequency but achieved a 

bandwidth of 1.245 GHz with a gap 

coupled of 0.1 mm. The work by Merlin 

Teresa & Umamaheswari, (2020) 

presented a compact slotted single element 

antenna with a bandwidth of 2.02 GHz but 

with a gain of 6.37 dBi, which is slightly 

low compared to the 6.63 dBi of this work. 

Table 3: Comparison of return losses for single element antenna 

Design Bandwidth (GHz) Feeding Technique 

Halaoui et al, (2020) 0.89 Inset feed 

Saada, (2017) 1.25 Gap coupled inset feed 

Merlin Teresa & Umamaheswari, (2020) 2.02 Inset feed with slots 

The proposed  2.27 Gap coupled inset feed 
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Figure 11: S11 results for the antenna with inset feed and gap coupled inset feed 

 

Single Element Antenna Radiation 

Pattern 

Figure 12 shows the radiation pattern of an 

antenna element at 28 GHz in its polar 

form when Phi = 90o. The figure indicates 

that the directivity of 6.63 dBi with an 

angular width of 920 and the side lobe  

 

amount of -12.7 dB was obtained. The 

wide beamwidth archived is very 

important as it can lead to a wide scanning 

angle with less complexity of the whole 

antenna system (Ahn et al., 2019). 
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Figure 12: Radiation Pattern of single element antenna 

 

Performance Characteristic of an 

Antenna Array 

The antenna array with a distance of 

separation d =1 mm was chosen as an 

optimal design. At this distance, the 

centre-to-centre separation (interspacing) 

between patches was 0.43λ0. The 

bandwidth and return loss are summarized 

in Figure 13 where a bandwidth of 1.7 

GHz was observed at RL = -10 dB in 

which the lowest return loss was -31.5 dB 

at a scanning angle of 0o. The gain was 

also examined by considering an increase 

in the number of antenna elements from 2 

to 16. For two elements and 16 elements, 

assuming linear geometry, the gain was 

8.64 dBi and 17 dBi, respectively. 
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Figure 13: S11 result of a two-element antenna array
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Figure 13: S11 result of a two-element antenna array

Bandwidth of an Antenna Array with 

Changing Scanning Angle 

The periodic boundary was set in the Y 

direction to investigate the scanning angle 

of an antenna. The array performance is 

shown in Figure 14, whereby an increase in 

scanning angle affects the antenna 

bandwidth. The antenna array bandwidth at 

Theta = 0o was 1.7 GHz, but it deteriorated 

to 0.98 GHz, equivalent to only 3.5% 

fractional bandwidth, throughout the ±800 

scanning angle. At an angle of 400, the 

antenna array resonance frequency highly 

deviates from the 28 GHz frequency, 

decreasing the total antenna bandwidth. 

This deviation is due to variation of 

impedance matching with change in 

scanning angle.  

 

Figure 14: S11 varies with scanning angle for 

two elements antenna array. 

Mutual Coupling of Proposed Antenna  

When integrated with a pair of directional 

couplers, the simulated two-elements 

antenna array demonstrated an improved 

S12 magnitude to -31.9 dB compared to that 

without the decoupling network with the 

same antenna element interspacing, which 

had S12 magnitude of -10.75 dB as shown 

in Figure 15. This reduction resulted from 

the cancelation of the mutual coupling 

between the antenna elements with the 

coupling from the directional coupler. This 

approximately 20 dB reduction of mutual 

coupling within the operating frequency 

greatly influences the creation of wide-

angle impedance matching, which is 

amongst the important criteria in antennas 

for 5G communication systems.  

 

Figure 15: Coupling magnitude of the 

antenna array with and without decoupling 

network. 
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Proposed Antenna Scanning Angle  

The studied scanning angle shows that for 

scanning angle up to ±800, the antenna 

system return loss is less than -10dB, which 

implies that the simulated antenna system 

shows a scanning angle ±800 as shown in 

Figure 16. The directional coupler 

employed to reduce mutual coupling 

between antenna elements has also 

enhanced the bandwidth of an antenna 

array as compared to that of an antenna 

array without the decoupling network from 

2.27 GHz to 3.32 GHz. This is because as 

wide-angle impedance matching is 

achieved, the antenna maintains the active 

reflection coefficient at a wider frequency 

band. In analysing the simulation results of 

the designed antenna system, the return loss 

(S11) was examined. Referencing to ITU 

standards for communications systems in 

5G, less than -10 dB is required to avoid 

mismatch. In this design, the return loss 

value of less than -10 dB was observed 

throughout the scanning angles of ±800 

with a maximum value of 1.21 at 28 GHz 

frequency.  The value of S11 achieved 

signifies that the reflected power at the 

antenna ports is low. Hence, the antenna 

and transmission line are perfectly 

matched. 

 
Figure 16: The scanning angle of a designed 

antenna system. 

 

Performance Characteristics of the 

Designed Antenna System 

The overall performance of the complete 

antenna array and coupler had a bandwidth 

of 3.32 GHz with reduced mutual coupling 

to -31.86 dB. A good directivity of 8.59 

dBi was observed considering only two-

element antenna arrays. However, the gain 

increases as the number of elements 

increases, whereby 4 and 8 element antenna 

arrays returned 11.6 dB and 14.8 dB gain, 

which are relatively better compared to 

other related works with the same number 

of antenna elements. Table 4 summarises 

the performance of the designed patch 

antenna array compared to the existing 

related works for 28 GHz in terms of 

interspacing and scanning angle. 

Table 4: Interspacing and scanning angle 

comparison of the proposed design with other 

related studies 

Design Interspacing 

(mm) 

Scanning 

angle 

Koul et 

al. (2018) 
0.50λ0 640 

Ahn et al, 

(2019) 
0.90λ0 700 

Mehdi et 

al, (2020) 
0.52λ0 ±800 

The 

Proposed 

Antenna 

0.43λ0 ±800 

 

It can be observed from Table 3 that the 

proposed antenna system performs better 

than compared to the existing related works 

for 28 GHz. It achieved the wide scanning 

angle at the small antenna interspacing 

which match well with the antenna 

miniaturisation idea. 

 

CONCLUSION 

This paper proposed the 28 GHz patch 

antenna array with gap coupled inset feed 

and a pair of directional couplers as the 

decoupling network. A single element 

antenna shows improvement of bandwidth 

from 0.89 GHz using inset feed technique 

to 2.27 GHz when gap coupled inset feed 

technique was employed. This work also 

presents the reduced mutual coupling 

network using a pair of directional 
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couplers, showing mutual coupling 

reduction from -10.75 dB to -31.86 dB 

compared to the antenna array without a 

decoupling network. The reduced mutual 

coupling was obtained under the smaller 

antenna elements interspacing of 0.43λ0. 

Additionally, the proposed 28 GHz patch 

antenna array system achieved a wide 

scanning angle of ±800. On top of that, the 

proposed antenna array design indicated an 

enhanced bandwidth of 3.32 GHz which is 

11.8%. Generally, this found that the 

combinatorial advantages of using the gap 

coupled inset feed technique and 

employing a pair of directional couplers 

develop the patch antenna array design with 

better performance.  

The further improvement in mutual 

coupling might enhance the bandwidth as 

wide bandwidth is vital for 5G antennas 

which might be achieved by proper 

utilization of some bandwidth enhancement 

techniques like slotting. 
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