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 Abstract—A new design for a 4-port multiple input multiple 

output (MIMO) self-diplexing antenna is introduced, utilizing 

half-mode substrate integrated waveguide (HMSIW) technology. 

This antenna operates simultaneously at 4.9 GHz for WLAN and 

5.8 GHz for ISM band communications, maintaining an isolation 

of approximately 30 dB. By employing the half-mode topology, the 

antenna size is reduced by 50% while preserving the dominant 

mode TE110 characteristics. To enhance bandwidth, a rectangular 

slot is etched at the centre of each cavity, splitting the dominant 

mode into odd-TE110 and even-TE110 modes. Through careful 

optimization of antenna parameters and the perpendicular 

placement of radiating elements for different frequencies, the 

design ensures self-diplexing property. To validate the design, a 

prototype of the antenna is manufactured, and experimental 

results are verified with simulations. The proposed antenna 

demonstrates a peak gain of 5.2 dBi in the lower-frequency band 

and 5.9 dBi in the upper-frequency band, with a high efficiency 

exceeding 94% in both of the frequency bands. Additionally, all 

MIMO-diversity parameters were found to be within satisfactory 

limits. 

 

Link to graphical and video abstracts, and to code: 

https://latamt.ieeer9.org/index.php/transactions/article/view/9679 

 
Index Terms— Cavity-backed slot antenna; MIMO; Isolation; 

antenna-diplexer; substrate integrated waveguide (SIW). 

I. INTRODUCTION 

N recent years, multi-band antennas have largely been 

employed in the current wireless compact handheld and 

mobile devices and systems. To utilize these devices for 

different applications, they are usually provided with two or 

more transceivers that can work simultaneously [1]–[2]. The 

diplexer elements are generally used to provide adequate 

isolation between the transceiver system’s channels. In the last 

 
 

 

decade, the concept of self-diplexing antenna has become 

fancy, as it supports self-diplexing ability without using any 

complex diplexer elements, leading to the simplicity of overall 

design [3].  

In wireless communication, multi-path propagation of 

carrier-modulated signals often leads to challenges such as 

fading and co-channel interference, causing significant power 

loss over long-distances. Enhancing channel capacity is 

essential for improving performance in dynamic environments, 

enabling wide-area coverage and high quality of services [4]–

[8]. The multi-input multi-output (MIMO) antennas with spatial 

diversity offer an effective solution by establishing reliable 

communication links and significantly increasing data 

throughput. However, designing a compact 4-element MIMO 

antenna with high isolation remains a complex challenge. 

Researchers have explored various techniques to improve 

isolation between elements. In [9], radiating elements were 

placed on opposite sides of the plane for millimeter-wave 5G 

communication, achieving a port isolation of 30 dB. In [10], 

orthogonally placed PIFA-radiating elements with increased 

separation resulted in 17 dB isolation. Dipole antennas arranged 

in an orthogonal configuration [11] also showed improved 

isolation. The inclusion of a T-shaped slot impedance 

transformer at the antenna edges [12] enhanced isolation by 8 

dB, but required a bulky dual-dielectric structure with an air 

gap, making it non-planar. 

To further enhance isolation, a double-layer mushroom 

metamaterial wall was employed between SIW cavities in a 4-

element MIMO antenna [13], achieving 40 dB isolation. 

However, its 20.8 mm height mushroom metamaterial wall 

added significant bulk, making it suitable only for applications 

prioritizing isolation over compactness. Additionally, a ceramic 

superstrate was used to suppress cross-polarization [14], but 

this approach increased design complexity due to its multi-

layered structure. 

Substrate Integrated Waveguide (SIW) technology has 

emerged as a promising solution for realizing planar, high-

isolation MIMO antennas while maintaining structural 

simplicity. The placement of electric walls in SIW cavities 

naturally provides intrinsic isolation. Moreover, Half-Mode 

(HM) SIW and Quarter-Mode (QM) SIW reduce antenna size 

by 50% and 75%, respectively, without compromising 
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performance. A 4-element HMSIW cavity-backed self-

diplexing antenna [15] demonstrated mutual coupling level, -20 

dB further reduced to -30 dB using neutralization lines [16]. In 

[17], a QMSIW-based dual-band textile MIMO antenna utilized 

different element orientations to achieve 30 dB isolation, while 

in [18], a 4-element QMSIW MIMO antenna divided an 

HMSIW cavity into two QMSIW cavities, improving 

compactness but limiting isolation less than 20 dB. Another 

approach in [19] employed shielded HMSIW cavity-backed 

antennas, where same-frequency elements were placed 

orthogonally and separated by frog-anatomy slots, achieving 

21 dB isolation but offering a narrow 2.2% fractional 

bandwidth. Despite these advancements, achieving 

compactness, high isolation, and wide bandwidth in a single-

layered MIMO antenna remains a significant research 

challenge. The proposed antenna provides a solution for 

compact-size with moderate gain, enhanced interelement 

isolation, and improved bandwidth. 

 This work presents a novel and miniaturized 2×2 MIMO 

antenna-diplexer utilizing Half-Mode Substrate Integrated 

Waveguide (HMSIW) technology. By leveraging the half-

mode SIW concept, the antenna's size is effectively reduced by 

50% as compared to full-mode (FM) SIW cavity with 

maintaining similar features. Additionally, bandwidth is 

significantly enhanced through the incorporation of an open-

ended rectangular slot at the center of each half-mode cavity. 

This slot bisects the HMSIW cavity into two symmetrical 

halves, splitting the dominant mode into odd- and even-TE110 

modes. The proposed antenna achieves a minimum isolation of 

30 dB for both orthogonal and parallel elements in a MIMO 

configuration. Furthermore, it integrates a self-diplexing 

feature within a single-layered structure, ensuring a compact, 

low-profile design that facilitates seamless integration into 

handheld communication devices. 

 

 
Fig. 1. Proposed 4-port 2×2 MIMO antenna-diplexer yielding two different 

frequency bands, (l1 = 19.27, l2 = 2.5, ls1 = 16.5, ls2 = 14, g1 = 4.2, w1 = 30, w2 = 

26, k3 = 10, k2 = 9, s =1.1, d = 0.8, h = 0.787) Unit: mm. 

II. CONFIGURATION AND DESIGN ANALYSIS  

Fig. 1 illustrates the design configuration sketches of the 

proposed 2×2 MIMO antenna. The substrate-integrated 

waveguide (SIW) cavity is constructed using chains of metallic 

vias that serve as the lateral walls of the planar cavity. These 

vias effectively form the metallic boundaries of the SIW cavity 

within the substrate by following guidelines (d/s ≥ 0.5 and d/λo 

≤ 0.1) [5–6]. The numerical equations used to calculate the 

dimensions of for both larger and smaller half-mode cavities are 

illustrated in equations (1)–(4), respectively [5]. 
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where m =1, n = 1 for the dominant mode of the cavity, fL = 

frequency of larger cavity, fH = frequency of smaller cavity 

The relation between physical width and effective width can be 

defined by using the following equations as follows  

 

        𝑤1  = width of  𝐶𝑎𝑣1 =  𝑤1𝑒𝑓𝑓 +
𝑑2

0.95𝑠
                        (3) 

  

        𝑤2 = width of  𝐶𝑎𝑣2 =  𝑤2𝑒𝑓𝑓 +
𝑑2

0.95𝑠
                        (4) 

 

d = diameter of the via holes, s = pitch distance between any 

two consecutives via holes. Fig. 2 outlines the steps to realize 

the proposed antenna, using scalar and vector E-field 

distributions to illustrate the design process. Fig. 3 depicts the 

operating frequency at each stage follows for design evolution. 

Initially, a full-mode square diamond-shaped cavity with 

dimensions of 28×28 mm² is excited using a 50Ω characteristic 

impedance coaxial probe-based feed. The dominant mode of the 

cavity TE110 is achieved around 5.2 GHz. To achieve distinct-

size half-mode cavities, the full-mode cavity is bisected along 

two magnetic walls, A-A’ and B-B’, as shown in Fig. 2(a).  

 

 

 

 

FMSIW cavity with electric and 

magnetic walls 
Prototype-1 

                    (a) (b) 

 

               
Prototype-2 (Port-1:ON)                              Prototype-2 (Port-2:ON) 

         (c) (d)                  (e) (f) 
 

Fig. 2 (a) Scalar E-field distribution of FMSIW cavity resonating at 5.2 GHz 

with magnetic- and electric walls, (b)scalar E-field distribution when Port-1 
and Port-2 are excited separately, (c) and (d) vector E-field distribution after 

inserting the slot in Cav1, (e) and (f) field distribution with inserted slot in Cav2. 
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Both HMSIW cavities of size w1×w1 mm2 and w2 × w2 mm2 

are excited separately and they resonate at 4.9 GHz and 5.8 GHz 

when Port-1 and Port-2 are excited separately, as displayed in 

Fig. 2(b). By placing two different size cavities orthogonal to 

each other, high isolation of better than 45 dB is attained, as 

shown in Fig. 3.  In the next step to enlarge the bandwidth, a 

rectangular slot of length ‘0.4λg’ is engraved at the center of the 

cavity, where λg is the wavelength at the lowermost operating 

mode i.e. around 4.9 GHz. It can be observed from Fig. 3 that 

inserting the slot significantly enhances the bandwidth. 

However, this modification reduces the isolation between the 

ports by approximately 8 dB. The enhancement in bandwidth 

can be understood with the help of a vector E-filed plot. When 

Port-1 is excited, the slot splits the TE110 mode into half-TE110 

odd mode and half-TE110 even mode resonating at 4.85 GHz 

and 5 GHz, respectively, as shown in Fig. 2(c) and (d), 

respectively. The odd mode represents equal and opposite fields 

across the slot, while the even mode represents the same field 

distribution across the slot. The dimension of the slot plays a 

key role in the coupling of both modes in proximity. On the 

other hand, when Port-2 is excited with 50Ω coaxial probe feed, 

then both odd-even modes of the Cav-2 resonate at 5.7 GHz and 

5.85 GHz, respectively, as shown in Fig. 2 (e) and (f), 

respectively. 

To achieve a high decoupling while maintaining a compact 

configuration the distinct resonant frequency radiating element 

are placed in orthogonal fashion and same resonant frequency 

elements in parallel arrangement while all HMSIW cavities 

share the electric walls in proximity. By making this 

arrangement, the field radiating at the same frequency elements 

are getting cancelled showing a dip in S13 and S24 plots at 

corresponding operating frequencies, as shown in Fig. 4. Thus, 

with the placement of same frequency elements facing opposite, 

leads to their radiation pattern showing minimum overlap in far-

field. Therefore, isolation better than 30 dB is accomplished 

between any two ports in a highly compact structure where the 

inter-element distance is 4.2 mm (≈ 0.09λg). In addition, the 

proposed antenna arrangement maintaining self-diplexing 

ability. The proposed antenna is designed and analyzed using a 

3D CST simulation solver. The optimized antenna parameters  
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Fig. 3. The S-parameter response for the design evolution from FMSIW cavity 

- Prototype-1 and  Prototype-2. 
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Fig. 4. The S-parameters vs frequency of the proposed 2×2 MIMO antenna-

diplexer with 4-ports excited independently. 

 

are symbolized in Fig. 1. The Cav-1 and Cav-3 radiates around 

4.9 GHz and 5 GHz through the open walls when Port-1 or 

Port-3 is excited individually. Similarly, the Cav-2 and Cav-4 

radiates around 5.75 GHz and 5.8 GHz, when Port-2 or Port-4 

is excited, individually.  

III. PARAMETRIC ANALYSIS AND MIMO PARAMETERS 

Frequency(GHz)

4.8 5.0 5.2 5.4 5.6 5.8 6.0

S
1

1
 (

d
B

) 
/ 

S
2

2
 (

d
B

)

-30

-25

-20

-15

-10

-5

0

ls1 = 15.75 

        (mm)

ls1 = 15.25

ls1 = 14.75

S11

S22

 
(a) 

Frequency(GHz)

4.8 5.0 5.2 5.4 5.6 5.8 6.0

S
1

1
 (

d
B

) 
/ 
S

2
2

 (
d

B
)

-30

-25

-20

-15

-10

-5

0

ls2 = 14.2 

       (mm)

ls2 = 13.7

ls2 = 13.2

S11

S22

 
(b) 

Fig. 5. S-parameters vs frequency with length of the slot (a) when ls1 is varied, 

(b) when ls2 is varied. 
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The proposed design offers great flexibility to tune both 

operating frequency bands. Optimization of the concerned 

parameters length of the slots (ls1 and ls2) and the position of the 

slots (k1 and k2) is investigated in this section. The variation of 

S-parameters with change in the parameter ls1 when ls2 kept 

constant and vice-versa, displayed in Fig. 5(a) and Fig. 5(b), 

respectively. As the value of ls1 or ls2 increases individually, the 

effective radiating aperture area of the HMSIW cavity gets 

increased to some extent and the resonant frequencies slightly 

shifts towards the lower frequency. Also, it affects the 

impedance matching of resonant frequencies in both frequency 

bands. Similarly, Fig. 6(a) and (b) shows the S-parameter’s 

variation with the port’s locations (k1) and (k2), from the slots. 

The k1/k2 parameters were varied independently, with one held 

constant while adjusting other. This variation has significant 

impact on the coupling between modes in both the lower and 

upper frequency bands. 
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Fig. 6. S-parameters vs frequency with variation (a) with k1 (Port-1 is excited), 

(b) and k2 (Port-2 is excited). 

 

Thus, port location plays an important role in impedance 

matching of both the modes. Fig. 7 (a) illustrates the variation 

in reflection coefficients at two ports by varying the gap (g1) 

between the cavities. The increasing gap alters the coupling 

between the two modes, leading to an enhancement in the 

bandwidth in both upper and lower frequency bands.  Fig. 7 (b) 

features the variation in lower and upper frequency bands with  
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Fig. 7. S-parameters vs frequency variation, with (a) g1, (b) w1 and w2. 

 

the size of the cavity. The frequency bands shift downward with 

increase in the size of the cavity due to the increase in the 

effective aperture area, which provides a longer path for the 

current to travel. When Port-1 is turned on, the Port-2 is 

terminated with matched load and vice versa.By using the 

advantages of the common ground plane shared by all the 

cavities, the overall 2 × 2 elements MIMO antenna contains a 

compacted area of 1λg × 0.9λg. To verify the diversity features 

of the MIMO antenna, an envelope correlation coefficient 

(ECC) has been extracted from S-parameters, displayed in Fig. 

8. The ECC determines the correlation in radiation patterns 

between two independent antennas. Ideally, it should be zero, 

however, for most practical applications its value is typically < 

0.5. The ECC for the proposed 4-port antenna is < 0.05 in both 

frequency bands.  The ECC has been extracted from S-

parameters as well as from far-filed patterns when either Port-

1 and Port-3 or Port-2 and Port-4 are excited simultaneously.  
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Another diversity parameter is diversity gain (DG) which is 

used to verify transmission power loss when a diversity 

mechanism is implemented in the MIMO antenna system. The 

ideal value of DG should be 10 dB. For the proposed structure 

this value is achieved is 9.8 dB in lower frequency band when 

Port-1or Port-3 is excited while it is determined 9.6 dB in upper 

frequency band when Port-2 or Port-4 is excited [16]. The other 

crucial parameters are total active reflection coefficient 

(TARC) and channel capacity loss (CCL) which are plotted in  
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Fig. 8. ECC and DG plots when Port 1,3 and Port 2,4 are excited individually. 
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Fig. 9. CCL and TARC vs frequency when Port 1,3 and Port 2,4 are excited 

individually. 

 

Fig. 9 TARC reflects how well each antenna element in the 

MIMO array is matched to its transmission line and surrounding 

environment.A low TARC indicates that the antenna elements 

have minimal reflections while a high TARC value leads to 

increased reflections and mismatches. For MIMO systems, 

TARC should ideally be < 0 dB. It can be observed from Fig. 

9, that the TARC value is less than -12 dB in operating bands 

at various angles (α = 0o, 90o, 180o) representing the high 

matching ability of the antennas [15-16] with its feedlines. 

Another crucial parameter for the MIMO antenna is the 

channel capacity loss, quantified as the difference between the 

theoretical maximum capacity (in an idealized, noiseless 

channel) and the actual achievable capacity in a real-world 

environment. Ideally, it should be zero, however, practically it 

can be < 0.4 bits/s/Hz. For the proposed antenna the CCL value 

< 0.1 in both frequency bands of 4.88 GHz–5.03 GHz and 5.72–

5.92 GHz, as depicted in Fig. 9. The numerical equations to 

calculate ECC from S-parameters, MEG, TARC, and CCL are 

described in [5]–[9]. To validate the proposed design, the 

MIMO antenna is fabricated and tested in the next section.  

IV. EXPERIMENTAL VALIDATIONS  

The proposed self-diplexing MIMO antenna is prototyped on 

a single layer of Rogers RT Duroid 5880 substrate with a 

thickness of 1.575 mm. A photograph of the prototyped with its 

top plane and bottom plane are displayed in Fig. 10 (a) and (b), 

respectively.  

 

  
(a) (b) 

Fig. 10.  Photograph of the fabricated prototype (a) front view (b) bottom 

view. 

 

The proposed prototype is experimentally verified and both 

simulated as well as measured responses are compared in Fig. 

11. When Port-1 is excited, the simulated results cover the 

bandwidth (4.87–5.05 GHz, 180 MHz) while the measured 

results show (4.87–5.02 GHz, 150 MHz) in the lower frequency 

band. On the other hand, when Port-2 is excited, the simulated 

results cover the bandwidth (5.71–5.92 GHz, 210 MHz) while 

the measured results show (5.64–5.89 GHz, 250 MHz) in the 

upper-frequency band. The proposed antenna demonstrates the 

measured fractional bandwidth of 3.1 % in the lower frequency 

band and 4.3% in the upper frequency band.  

The simulated / measured gain is observed in the range of 

4.79–5.1 dBi / 4.8–5.2 dBi in the lower frequency band when 

Port-1 is ON while 5.59–5.75 dBi / 5.59–5.86 dBi in the upper 

frequency band when Port-2 is ON and rest of the ports are 
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Fig. 11. Simulated and measured results: S-parameters and gain vs frequency. 
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TABLE I 

PERFORMANCE THE COMPARISON OF PROPOSED ANTENNA WITH OTHER EXISTING DESIGNS  

Parameters 
Operating 
Frequency, 

fr (GHz) 

Antenna 

Topology 

MIMO 

Antenna 

Peak Gain in 

operating 

frequency 
bands (dBi) 

Feeding 
Technique / 

No. of layers 

Minimum 

Isolation 
between two 

elements 

(dB) 

Total Size in 
(Electrical 

length) 

No. of 

elements 

used in 
antenna 

[9] 28/38 Monopole Yes 6.9 
Microstrip / 

Single 
30 2.6 λg × 2.6 λg 1×1 

[11] 2.63 
Parasitic 

strip 
Yes 5.5 

Coaxial/ 

Single 
17 1.5 λg × 1.5 λg 2×2 

[12] 2.45/3.5 T-Slot Yes 2.4/3.4 Coaxial/double 19 0.7 λg ×1.7 λg 1×1 

[13] 2.45 SICBS Yes 7 Coaxial / 25 20 ≈1.8 λg×1.8 λg 2×2 

[15] 3.4/4.3 HMSIW Yes 5.3/6.7 
Coaxial/ 

Single 
23 1 λg × 1.2 λg 2×2 

[16] 5 HMSIW Yes 5.6 Single 25 1.6 λg ×1.6 λg 2×2 

[17] 2.4/5.5 SIW Yes 2.9/5 
Coaxial/ 

Single 
20 0.8 λg × 0.9 λg 1×1 

[18] 3.5 SIW Yes 4.9 Coaxial / N.A. 14 0.8 λg×1.6 λg 2×2 

[19] 5.2 / 5.8 
SD-

HMSIW 
Yes 5.26 / 4.94 

Microstrip / 

Single 
21 0.4 λg × 0.4 λg 1×1 

[20] 6.2 / 7.75 SIW No NA 
Microstrip / 

Single 
22 0.88λg×0.88 λg 1×1 

[21] 12/14 SIW No NA 
Microstrip / 

Single 
19 1.4λg × 1.3λg 2×2 

Here 4.9 / 5.8 HMSIW Yes 5.9/5.2 
Coaxial/ 

Single 
30 1.0 λg × 0.9 λg 2×2 

[λg is the guide wavelength at 4.9 GHz] 

terminated with matched loads. The transmission coefficients 

S12 and S23, which indicate the isolation between Port-1 and 

Port-2, as well as between Port-2 and Port-3, are tested and 

compared with simulation results. Both the simulated and 

measured data show that the minimum isolation between any 

two ports of the antenna exceeds 30 dB. The slight 

discrepancies observed in in the simulation and measurement 

results for both reflection coefficients (S₁₁, S₂₂) and 

transmission coefficient (S₁2, S₂3) plots, as in the simulation 

studies, the metallic plane is modelled as a Perfect Electric 

Conductor (PEC), which is an idealized material with zero 

electrical resistance and infinite conductivity. However, in the 

fabricated prototype, copper is used, which has a finite 

conductivity of 5.8 × 107 S/m. The simulated and measured co-

polarized and cross-polarized radiation patterns at two principal 

cut-planes, ϕ = 0° (YZ-plane) and ϕ = 90° (XZ-plane), at the 

resonant frequencies, are plotted in Fig. 12. 

The radiation patterns at each plane are found stable and 

unidirectional, with a measured front-to-back ratio (FTBR) 

greater than 10 dB in both frequency bands. The co-polarized 

to cross-polarized level exceeds 17 dB in the YZ-plane and 

more than 11 dB in the XZ-plane for both the upper and lower 

frequency bands in the direction of maximum radiation. 

  The proposed design demonstrates an adequate front-to-back 

ratio (FTBR) and radiates maximally in the boresight direction, 

thanks to the cavity-backed structure. It is simple and planar 

topology makes it suitable for realizing a compact and 

integrated system. To underscore the contribution of the 

proposed work, a comparative study with previously reported 

works is presented in Table.1. The proposed design offers 

superior isolation compared to other existing 4-port antennas 

while maintaining a relatively smaller circuitry size and 

achieving higher gain in both frequency bands. The proposed 

antenna structure is realized on a single layer, ensuring a 

compact profile with self-diplexing MIMO capability. The 

proposed antenna is the modifications of the previous design in 

terms of cavity shapes as illustrated in [15]. By opting diamond-

shaped SIW cavities, the proposed antenna offers a better 

isolation of around 8 dB than the previous antenna. The 

proposed MIMO antenna configuration achieves an efficiency 

greater than 94% across both operating bands which is 16% 

higher than the 80% efficiency of the previous design.  This 4-

port MIMO antenna enhances channel capacity 2 times as 

compared to a 2-port self-diplexing antenna, which is crucial 

for enhancing channel capacity significantly. It can be observed 

that the proposed design owns better isolation than any other 

existing 4-port antenna with relatively smaller circuitry in size 

with relatively higher gain value in both of the frequency bands. 

The proposed single-layer geometry maintains a compact 

profile with self-diplexing MIMO capability. The proposed 

antenna features self-diplexing capabilities, allowing for 

simultaneous operation of its transceivers, combined with 

MIMO technology which enhances both data rates and 

communication reliability. 

V. CONCLUSION 

This article presents a compact 4-port self-diplexing MIMO 

antenna designed for WLAN at 5 GHz and ISM band at 5.8 

GHz. By leveraging the symmetrical nature of the TE110 mode 

and utilizing HMSIW techniques, the design achieves a 50% 

size reduction. Radiating elements positioned out of phase 

effectively cancel field coupling, resulting in isolation 

exceeding 30 dB between any two ports in a compact space of 

either parallel elements or orthogonal elements. The design 

shows that MIMO performance metrics, including ECC, MEG, 

CCL, and TARC, are within satisfactory limits. The proposed 
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Fig. 12. Simulated and measured copol. /crosspol.  radiation patterns at Port1: 

ON (a) ϕ = 0o at 5 GHz, (b) ϕ = 90o at 5 GHz while Port2: ON (c) ϕ = 0o at 5.8 

GHz, (d) ϕ = 90o at 5.8 GHz. 

 

antenna features a simple, low-profile configuration with self-

diplexing capabilities, offering dual channel capacity in both 

frequency bands. Its compact design, reliable communication, 

and superior radiation properties make it ideal for dense 

wireless communication networks. Furthermore, the proposed 

antenna boasts a simple and scalable design, making it 

adaptable to higher frequency bands and suitable for future 

advancements in massive MIMO technology for 5G mmWave 

networks aimed at high-speed data transmission. Additionally, 

its self-diplexing capability and high isolation make it an ideal 

candidate for full-duplex wireless systems, enabling 

simultaneous transmission and reception with minimal 

interference. 
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