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I. INTRODUCTION 

In recent years, research on applications of the sub-millimeter 

wave/terahertz frequency band (0.1–10 THz) has been gaining 

increasing attention, providing opportunities for the discovery of 

several promising applications. Specifically, the sub-THz band 

(0.1–1 THz), which has yet to be licensed for specific usage, is 

expected to play a significant role in future proposals for estab-

lishing wireless links with ultrahigh data rates (>100 Gbps), 

excellent dependability, and capacity for low-latency communi-

cations, since this band offers a broad atmospheric transmission 

window along with controllable losses [1]. 

However, the high path and molecular absorption losses relat-

ed to THz frequencies, which affect the operation of wireless 

links, must first be addressed. To solve this issue in THz wireless 

and satellite communication systems, highly directional array 

antenna designs are essential [2].  

Several array antennas with high gain and other desirable 

properties in the W-band (75–110 GHz) have already been 

proposed in the literature, including monopulse array [3–5], 

Yagi-like array [6], slot array [7], and low-temperature co-fired 

ceramic (LTCC) array antennas [8]. However, the construction 

of most of these antennas not only involves a high profile and 

high costs, but they also use linear polarization. The perfor-
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Abstract 
 

This article presents a compact, planar, and circularly polarized array antenna operating in the W-band (84.5–110 GHz), with all its pro-

totypes fabricated using a low-cost, traditional, microwave printed circuit board composed of Rogers RT/duroid 5880 (εr = 2.2, tanδ = 

0.009). The final design that was fabricated and measured was a 4 × 4 array antenna having an overall size of 9 mm × 20 mm × 0.254 mm 

that used series feeding to reduce its sidelobes. Measurements of the 4 × 4 patch antenna array showed approximately 6.9% 3-dB axial 

ratio bandwidth along with 15.2 dBi maximum right-hand circularly polarized (RHCP) antenna gain at 100 GHz. The array antenna 

yielded RHCP radiation characterized by a low profile, low cross-polarization levels (<−25 dB), low sidelobe levels (≤−10 dB), and high 

radiation efficiency (>91%). Additionally, a two-port MIMO antenna system was investigated by considering side-by-side and front-to-

front configurations, both of which achieved good isolation and considerable envelope correlation coefficient and diversity gain values. 

Therefore, the proposed series array and MIMO antennas can be reasonable candidates for 6G applications of the sub-THz band (100–

110 GHz) in ultra-high-speed wireless and satellite communication systems. 
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mance of linearly polarized antennas often deteriorates due to 

polarization misalignment between transmitting and receiving 

antennas [9]. To overcome this challenge, circularly polarized 

(CP) antennas have been proposed. However, their bandwidth is 

narrow, their radiation efficiency often drops below 75% [3], and 

they involve high fabrication costs [8]. 

Fabrication capabilities have also significantly limited sub-

THz antenna designs because wavelengths in the sub-THz 

band are relatively small. To address this, novel fabrication 

methods that use 3D printing, which reduces time and manu-

facturing costs, have been proposed. In spite of this, the perfor-

mance of sub-THz antennas could not be significantly im-

proved [3]. For example, LTCC technology, which yields high 

accuracy and low loss, is widely used in antenna-in-package 

technology. Chips can be integrated into an LTCC substrate 

through wire bonding or flip-chip interconnects [8]. However, 

LTCC materials have high fabrication costs, which largely de-

pend on the desired number of crafting layers, and are time-

consuming for sub-THz antennas. In contrast, antennas created 

by machining on printed circuit boards (PCB) [10] offer the 

benefits of low cost, lightweight design, and ease of fabrication. 

Based on the above discussion, microstrip patch antennas [11, 

12] emerge as a practicable solution for use in wireless and satel-

lite communication systems because of their low profile and con-

siderably lower fabrication time and cost. In this context, array 

antenna design can also be considered extremely important. No-

tably, the feed network design of array antennas [13–20] uses the 

series-fed technique and single-fed patches to reduce sidelobe 

levels (SLLs) and cross-polarization, thus achieving high gain.  

Additionally, in terms of avoiding problems related to high 

data rates, which is a desirable feature in wireless communica-

tion since it enables the accommodation of more wireless ser-

vices, multiple-input-multiple-output (MIMO) technology has 

gained increasing attention for its unique properties that offer 

increased channel capacity and improved reliability [21]. 

II. ANTENNA DEVELOPMENT PROCESS 

This section describes the process of creating two orthogonal 

modes of resonance as diagonal modes to yield linear polariza-

tion along the direction of the two orthogonal modes of a trun-

cated-corner square antenna. Notably, the operating frequency 

band and the feed point were chosen such that the two modes 

could be excited in the phase quadrature, leading to the for-

mation of CP waves on implementing the antenna [13]. Fur-

thermore, the robust development process from the 1 × 4 array 

antenna to the 4 × 4 array antenna is detailed in this section. 

 

1. Analysis of the Array Factor of 1 × 4 Array Antenna 

The configuration of the array antenna is depicted in Fig. 1. 

Notably, the calculations of the theoretical dimensions wp and lp 

for the rectangular microstrip patch elements are provided in 

[13]. The substrate used for this structure is Rogers RT/duroid 

5880 (𝜀r = 2.2, tanδ = 0.009), with ℎ = 0.254 mm. 

Both the radiation patch and ground plane thicknesses were 𝑡 = 0.035 mm. As shown in Fig. 1, the array antenna consists 

of four elements—the feed strip radiator and radiator positioned 

above the top substrate, the ground plane located beneath the 

bottom substrate, and two holes punched from the top to the 

bottom of the antenna. These holes are maintained in a fixed 

position between the connector, which is responsible for exciting 

the antenna and the PCB. Furthermore, the feedline signal head 

is slightly beveled to prevent contact between the antenna signal 

line and the connector ground. Numerical analysis of this an-

tenna was conducted using the ANSYS High-Frequency Struc-

ture Simulator (HFSS). The design was thoroughly optimized 

before fabrication, the values of which are presented in Table 1. 

Moreover, the 1 × 4 array antenna, exhibiting a low SLL, was 

designed using the Dolph–Chebyshev distribution by adjusting 

the distance between adjoining single antenna elements. Notably, 

in the series-fed model of the patch array antenna, the spacing 

between single patches had to be optimized. Furthermore, be-

cause of the cumulative transmission characteristics of the pre-

ceding patches on the line, the transmission characteristics of 

the patches had to be accurately determined to achieve the de-

sired amplitude and phase distribution of the radiating currents, 

along with the array. As shown in Fig. 1, the excitation ampli-

tude of the linear microstrip array antenna is tuned using the 

distance between the single patches instead of the patch width. 

Fig. 2 clarifies the principle adhered to in this method, present-

ing the equivalent series circuit illustration with N antenna ele-

ments. The antenna elements are denoted using the radiation 

 

 

Fig. 1. Structure of the 1 × 4 array antenna. 
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resistance 𝑍𝑝௜ and their corresponding weights 𝑤௜, while the 

feedline’s resistance caused by the patch elements is represented 

by 𝑍𝑜௜ (i = 1, 2, …, N). The array factor (AF) can be deter-

mined using the following formula: 
 ሺ𝐴𝐹ሻͪே ൌ ෍ 𝑤௜ cosሺͪ𝑛𝑢ሻ ,ே

௜ୀͩ  𝑢 ൌ 𝑘𝑑𝑐𝑜𝑠𝜃ͪ ൌ 𝜋𝑑𝑐𝑜𝑠𝜃𝜆 . 
(1)

 

For the proposed 1 × 4 array antenna, this study realized N = 4, 

from which the polynomial order constant was determined as P 

= N – 1 = 3, while the desired theoretical SLL value was 20 dB. 
 ሺ𝐴𝐹ሻସ ൌ  𝑤ଵ cosሺ𝑢ሻ ൅  𝑤ଶ cosሺ3𝑢ሻ. (2)
 

On converting the SLL value from dB into an integer, the 

following equation was obtained: 
 𝑅௢ ൌ 10ௌ௅௅/ଶ଴ ൌ 10ଶ଴/ଶ଴ ൌ 10. (3)
 

To shorten and implement the result obtained in Eq. (3), the 

relations of the state between the cosine functions were utilized, 

as follows: 
 cosሺ𝑢ሻ ൌ 𝑧𝑧௢ , cosሺ3𝑢ሻ ൌ 4𝑐𝑜𝑠ଷሺ𝑢ሻ െ 3 cosሺ𝑢ሻ. (4)

With regard to the determination of the SLL value, parame-

ter zo represents the magnitude of the SLL. Thus, the parame-

ter 𝑧௢ can be expressed as follows: 
 𝑧௢ ൌ cos ቆ𝑃ͩ 𝑐𝑜𝑠ିͩሺ𝑅௢ሻቇ ൌ cos ቆͩͫ 𝑐𝑜𝑠ିͩሺͩͨሻቇ ൌ ͩ.ͭͬ. (5)
 

Using the equality between Eqs. (4) and (5), the above equa-

tion can be rewritten as follows: 
 ሺ𝐴𝐹ሻସ ൌ ሺ𝑎ଵ െ 3𝑎ଶሻ ൬ 𝑧𝑧௢൰ ൅ 4𝑎ଶ ቆ𝑧ଷ𝑧௢ଷቇ ൌ 4𝑧ଷ െ 3𝑧. (6)
 

Ultimately, the AF of the linear array can be obtained using 

the following equation: 
 ሺ𝐴𝐹ሻସ ൌ 1.736 cosሺ𝑢ሻ ൅ cosሺ3𝑢ሻ. (7)
 

Notably, the amplitude discrepancy among the radiation 

patch elements, which resulted in low SLLs, was found to be 

large. The theoretical ratio was 1:0.57, which was relatively dif-

ficult to reach due to the restricted variation range of resistance 

characteristics in terms of the distance of a single element. 

Therefore, this study realized the desired SLL values by chang-

ing the spacing between the single patches and maintaining an 

identical width for the radiating elements. 

Furthermore, the gain of an array antenna (GArr) and that of a 

single antenna (GS) can be related based on the following equation: 
 𝐺஺௥௥ሺ𝜃, 𝜑ሻ ൌ 2 ൈ ሺ𝐴𝐹ሺ𝜃, 𝜑ሻሻଶே ൅  𝐺ௌሺ𝜃, 𝜑ሻ ሺdBሻ. (8)
 

Therefore, using Eq. (8) at d = 0.5λ and 𝜃 = 76°, the theo-

retical array factor and theoretical gain of the 1 × 4 array anten-

na were achieved at 2 dB and 12 dBi, respectively. 

As mentioned above, the spacing between the individual 

patches was optimized to achieve wide bandwidths for both the 

impedance and the 3-dB axial ratio (ARBW), while also main-

taining the overall structural dimensions. To investigate this 

adjustment, the proposed prototype was examined by consider-

ing various values of d, as shown in Fig. 3. A significant increase 

in d resulted in a notable restriction of the −10 dB bandwidth, a 

reduction in the 3-dB ARBW, and a shift of the bandwidths 

toward lower frequencies. As observed in Fig. 3, the 1 × 4 array 

antenna with d = 0.5λ results in a −10 dB bandwidth at 80–

107.5 GHz (29.3%) and a 3-dB ARBW at 99.8–102.5 GHz 

(2.67%), while the corresponding bandwidths with d = 0.6λ are 

85–102.5 GHz (18.7%) and 97.5–99.8 GHz (2.3%), respective-

ly. Ultimately, to obtain a wide bandwidth and improve the 3-

dB ARBW, the optimal value of d was found to be 0.55λ, 

which achieved a −10 dB bandwidth of 83.2–105 GHz (23.2%) 

and a 3-dB ARBW of 98.2–102.1 GHz (3.9%). 
 

2. Analysis of 4 × 4 Array Antenna 

The 4 × 4 array antenna proposed in this study was designed 

Table 1. Optimized dimensions of the 1 × 4 array 

Parameter Value (mm)

wp 0.91 

lp 0.81 
wc 0.175 

h 0.254 

d 1.11 

wf0 0.125 

wf 0.75 

lf 1.5 

Rh 0.825 

wcn 0.1 

ws 9 

ls 10 
 

 

 

Fig. 2. Traditional structure of a 1 × 4 array antenna. 
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to operate as a subarray for larger applications. Transitioning 

from the 1 × 4 array antenna described in Part 1, the proposed 4 

× 4 array antenna was created using 1-to-4 power dividers.  

The geometry of the proposed 4 × 4 array antenna is illustrated 

in Fig. 4. The overall dimensions of the antenna were 9 mm × 

20 mm × 0.254 mm (which is equal to 3λo × 6.7λo × 0.085λo at 

100 GHz), with ws3 = 9 mm and ls3 = 20 mm. As observed in 

Fig. 4, the power divider bears a simple structure, using λ/4 im-

pedance transformers of width wf1 = 0.085 mm, with T-

junctions located where the energy separates into four identical 

1 × 4 array antennas. In addition, since the radiation patches 

used in this structure were resonant, the input line to the patch 

could be matched. 

Similar to the 1 × 4 array antenna, the spacing between the 1 

× 4 array patches (d2) was analyzed to choose a suitable value for 

achieving both wide impedance and 3-dB ARBW while retain-

ing the configuration of the 1 × 4 array antenna. As a result, the 

proposed antenna was investigated by testing various values of d2, 

the results of which are shown in Fig. 5. When the value of d2 

was increased to the threshold value, both the −10 dB imped-

ance and 3-dB ARBW became slightly narrow and shifted to 

lower frequencies. Therefore, considering the results presented 

in Fig. 5, to ensure both wide −10 dB impedance and 3-dB 

ARBW, the optimal value of d2 was found to be 0.6λ, which 

yielded corresponding bandwidths of 87.5–110 GHz (22.8%) 

and 98.3–104.8 GHz (6.5%). 

Furthermore, to understand the generation of right-hand CP 

(RHCP) by the proposed antenna, changes in the surface cur-

rent on top of the patch change at different phases were consid-

ered. First, as shown in Fig. 6, the current is displaced in the 

vertical direction at the 0° phase. In contrast, at the 90° phase, 

the current displaces in the opposite direction. This indicates 

that the current moves counterclockwise as the phase values 

increase, thus creating the RHCP wave [9]. In addition, it was 

observed that the current flow through each patch element 

gradually changed from the vertical to the horizontal direction 

at phase 0°. This confirms that the AR values at 100 GHz were 

mainly caused by the patch. 

III. MEASUREMENT AND DISCUSSION 

Fig. 7 shows a photograph of the antennas under test (AUTs) 

in a microwave anechoic chamber along with a magnified view 

of the proposed antennas fabricated using a machining process 

on the PCB. To assess radiation performance, a sub-THz pla-

nar far-field measuring setup was employed. The setup included 

a frequency extender (Oleson Microwave Labs. V10VNA2-

T/R) in conjunction with a vector network analyzer (Agilent 

E8364B) to establish a Tx antenna system, as depicted in Fig. 7. 

 

 

Fig. 4. Structure of the proposed 4 × 4 array antenna. 

  

(a) (b) 

Fig. 3. Simulated (a) |S11| and (b) axial ratio values of the 1 × 4 array antenna for various spacings between single elements (d). 
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The simulated and measured reflection coefficients of the 1 × 

4 array antenna and the 4 × 4 array antenna are plotted in Fig. 8. 

Fig. 8(a) shows that the measured impedance bandwidth of the 

1 × 4 array antenna at |S11| < −10 dB is 82.5–109 GHz (27.4%), 

whereas the simulated −10 dB impedance bandwidth is 83.2–

105 GHz (23.2%). Meanwhile, the proposed 4 × 4 array anten-

na exhibits a measured −10 dB impedance bandwidth of 84.5–

110 GHz (26.2%), while its simulated −10 dB impedance 

bandwidth is 87.5–110 GHz (22.8%), as shown in Fig. 8(b). 

Therefore, good agreement between the simulated and meas-

ured results was achieved. Although the measured results were 

slightly different from the simulated values, these deviations 

were primarily caused by the connection between the wave-

guide-to-coax adapter and the feedline of the antenna. 

The measured and simulated normalized radiation patterns of 

the fabricated antennas at 100 GHz are depicted in Fig. 9. The 

measured radiation pattern exhibited RHCP along with a high 

front-to-back ratio (F/B) and broad high-power beamwidths 

(HPBWs) in the x–z and y–z planes. Furthermore, the meas-

ured cross-polarization levels were more than 20 dB below the 

main beam in the broadside direction at 100 GHz. In particular, 

the measured F/Bs were 25 dB and 34 dB, while the corre-

sponding simulated values were 25.3 dB and 33.7 dB for both 

planes at 100 GHz, respectively. The HPBW simulated results 

approximated the measured results, which were slightly dis-

placed at ±10 and ±1.50 for the x–z and y–z planes, respec-

  

(a) (b) 

Fig. 5. Simulated (a) |S11| and (b) axial ratio values of the proposed 4 × 4 array antenna for various spacings between single patches (d2). 

 

  

(a) (b) 

Fig. 6. Current distributions on top of the patch for different phases at 100 GHz: (a) 0° and (b) 90°. 

 
 

Fig. 7. Photograph of AUTs in a microwave anechoic chamber (left) 

and fabricated antennas (right). 
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tively. With regard to the sidelobes, the measured SLL results 

differed only slightly from the simulated and theoretical SSL 

results. Notably, the SLL values of the 4 × 4 array antenna were 

relatively good (≤−10 dB). The values of the specific parameters 

are mentioned in detail in Table 2. 

The measurement and simulation results for the 1 × 4 array 

and 4 × 4 array antennas are provided in Fig. 10. For the antenna 

prototypes fabricated in this study—the 1 × 4 array and 4 × 4 ar-

ray antennas—the measured 3-dB ARBWs were 97.7–102.1 

GHz (4.4%) and 98.2–105.1 GHz (6.9%), whereas the simulated 

3-dB ARBW were 98.2–102.1 GHz (3.9%) and 98.3–104.8 

GHz (6.5%), respectively. Fig. 10 presents a comparison of the 

simulated and measured broadside gain values of the proposed 

antennas. The measured results show peak RHCP gains of 10.6 

and 15.2 dBi, while the simulation results exhibit peak RHCP 

gains of 11.1 dBi, and 16 dBi for the 1 × 4 array and 4 × 4 array 

antennas, respectively. 

Notably, the measured values exhibited slight discrepancies 

compared to the simulated and theoretical ones. These could 

be attributed to the precision of the fabrication process, unsta-

ble test fixture connection, part loss resulting from the thick-

ness of the substrate that could have increased the loss caused 

by the antenna surface waves, and an unstable chamber envi-

ronment. 

Table 2 compares the principal characteristics of the proposed 

antenna with those of various recent sub-THz arrays operating in 

the W-band. Compared to previous works that fabricated anten-

nas using a 3D printing process [3], the proposed antenna used a 

single layer and yielded significant improvements in radiation 

efficiency, HPBW, impedance, and 3-dB ARBW. For an anten-

na composed entirely of metal and fabricated using a machining 

process [4], the proposed antenna offers the advantages of a com-

pact size, sufficient CP waves, and a significant improvement in 

HPBW and efficiency. Moreover, in contrast to the LTCC pro-

cess, the proposed antenna bears a simple structure while also 

offering improvements in HPBW and impedance bandwidth, as 

well as a reduction in fabrication and material costs [8]. Although 

several antenna prototypes have been fabricated on PCB material 

by employing machining processes [5–7], the significance of the 

proposed array antenna lies in the fact that it obtained CP radia-

tion and extended both the 3-dB AR and −10 dB impedance 

bandwidths. Furthermore, the measurement results demonstrate 

that the machining process on PCB not only reduced fabrication 

time and cost but also achieved high precision in fabrication. 

  

(a) (b) 

Fig. 8. Simulation and measurement of |S11| values of the proposed antennas: (a) 1 × 4 array antenna and (b) 4 × 4 array antenna. 

 

 
 
 
 
 
 

(a) (b) 

Fig. 9. Simulation and measurement results of the radiation pattern at 100 GHz for the (a) 1 × 4 array antenna and (b) 4 × 4 array antenna. 
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IV. MIMO ANTENNA SETUP 

This section demonstrates the experiments conducted using 

MIMO antenna system configurations in the W-band. The 

arrangement of the two antennas depicted in Fig. 11 presents an 

orthogonal configuration along with a spacing dc. This orthog-

onal arrangement enabled polarization diversity and provided a 

means to minimize mutual coupling between distinct antenna 

components, thus eliminating the need for complex decoupling 

structures. Simulations of both the side-by-side and front-to-

front configurations of the MIMO antenna were conducted. 

The total dimension of the board for both configurations was 

LMIMO × WMIMO, which was equal to 20 mm × 20.5 mm and 

38.2 mm × 9 mm, respectively.  

Figs. 12 and 13 show the effects of the antenna element sepa-

ration for both configurations by examining the impact of dc on 

antenna performance. On increasing dc from 4 mm to 6 mm, an 

enhancement in the isolation between elements was observed. 

Consequently, the optimal dc was determined to be 5 mm, 

which achieved a consistent reflection coefficient and favorable 

mutual coupling (<25 dB). This was established based on the 

experimental results obtained using the optimized dc value, 

which were consistent with the simulation results. 

Table 2. Comparison of the performance of recent antennas and proposed antennas operating in the W-band 

Study Size (λo
3) 

-10 dB 

BWa) 

Pol./3-dB 

ARBW  

(%) 

Peak 

gain 

(dBi) 

Rad. 

efficiency 

(%) 

# of 

elements

H-plane E-plane 
Ant.  

type 

Fabrication 

techniqueSLL

(dB)

HPBW 

(°)

SLL 

(dB) 

HPBW 

(°) 

Tamayo-

Dominguez 

et al. [3] 

47×18.8×1.5 0.83% 

(93.2−94.8)

CP/0.83 27.8 70 - -14 4 -15 5 Monopulse 

array 

3D printing

Vosoogh  

et al. [4] 

18.3×18.8×3 21.05% 

(85−105) 

LP/− 30.5 70 16×16 -21 6 -16 4 Monopulse 

array 

Machining

Cheng  

et al. [5] 

41×39×0.16 3.2% 

(93−96) 

LP/− 25.7 16.3 32×32 -8.3 3.23 -11.5 2.77 Monopulse 

array 

PCB + 

Machining

Ghassemi  

et al. [6] 

6.7×10×0.12 7.5% 

(94.2−101.8)

LP/− 18 90 4×4 -14 - -11 - Yagi-like 

array 

PCB + 

Machining

Cheng  

et al. [7] 

2.9×3.7×0.02 10.7% 

(75.9−84.5)

LP/− 11.1 38 4×4 -24 28 -13 20 Slot  

array 

PCB + 

Machining

Cao  

et al. [8] 

7.1×7.6×0.85 12.76% 

(88−100) 

CP/10.1 22.8 N/A 8×8 -11 9 -11 12 LTCC 

array 

LTCC 

This work             

1×4  

array 

3×3.3×0.085 27.4% 

(82.5−109)

CP/4.4 10.6 92 1×4 -7 19 -17.3 36 Patch  

array 

PCB + 

Machining

4×4  

array 

3×6.7×0.085 26.2% 

(84.5−110)

CP/6.9 15.2 91.5 4×4 -10 20 -15.6 21 Patch  

array 

PCB + 

Machining

LP=linear polarization, CP=circular polarization. 

a)The number in parenthesis indicates the frequency range (GHz). 

 

(a) (b) 

Fig. 10. Simulation and measurement results of the axial ratio and 

broadside gain values of the proposed antennas: (a) 1 × 4 ar-

ray antenna and (b) 4 × 4 array antenna. 
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Simulations of the E-field for the two ports of the MIMO 

antenna system are presented in Figs. 14 and 15. At 100 GHz, 

the E-field magnitude of the side-by-side configuration is ob-

served as having collected around the patch elements and the 

notch of the feedline. 

This indicates that all the elements in the antenna serve as ra-

diation sources, resembling the front-to-front configuration. 

Furthermore, the field is primarily concentrated around the op-

erated port with minimal E-field propagation to other ports, 

thereby affirming the high level of isolation between ports. 

Fig. 16 plots the results of the simulated and measured radia-

tion patterns for both configurations at 100 GHz on arranging 

for antenna excitation at port 1 while simultaneously closing 

port 2 using a 50-load. The antenna pattern achieves a pencil 

pattern, while the radiation pattern of the MIMO antenna 

seems to change insignificantly compared to the proposed an-

tenna. In particular, the measured performance achieves a peak 

gain of 14.8 dBi, while maintaining low SLLs (<−10 dB) and 

low cross-polarization (<−20 dB). 

The diversity performance of the proposed MIMO antenna 

was examined by utilizing diverse performance metrics, includ-

ing the envelope correlation coefficient (ECC) and diversity 

 
 

Fig. 14. Simulated E-field of the two-port MIMO antenna system for 

side-by-side configuration at 100 GHz. 
 

 
 

Fig. 15. Simulated E-field of the two-port MIMO antenna system for 

front-to-front configuration at 100 GHz. 

 

(a) (b) 

Fig. 12. Simulation and measurement result of the two-port MIMO 

antenna for the side-by-side configuration: (a) |S11| and (b) |S21|. 

 

 

(a) (b) 

Fig. 13. Simulation and measurement result of the two-port MIMO an-

tenna for the front-to-front configuration: (a) |S11| and (b) |S21|.

(a) (b) 
 

Fig. 11. Structure of the two-port MIMO antenna prototype for two distinct configurations: (a) side-by-side and (b) front-to-front. 
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gain (DG). The ECC holds great importance in MIMO sys-

tems, as it quantifies the independence of antenna elements 

based on their characteristics. By employing the equation noted 

below, the ECC characteristics of each antenna element were 

derived by drawing on the complex simulated results [22]: 
 𝐸𝐶𝐶 ൌ  |𝑆௠௠∗ 𝑆௠௡ ൅ 𝑆௠௠∗ 𝑆௡௡|ሺ1 െ |𝑆௠௠|ଶ െ |𝑆௠௡|ଶሻ െ ሺ|𝑆௡௠|ଶ െ |𝑆௡௡|ଶሻ∗. (9)
 

Fig. 17(a) illustrates the measured ECC results for the pro-

posed two-port MIMO antenna, considering both scenarios. 

The simulations indicate ECC values below 0.0001 at 100 GHz. 

To evaluate MIMO performance, the ECC and DG can be 

coupled using Eq. (10) [23], as noted below: 
 𝐷𝐺 ൌ  10 ∗ ඥ1 െ |𝐸𝐶𝐶|. (10)
 

The results of the measured DG for both configurations are 

shown in Fig. 17(b) in terms of the frequency of the proposed 

MIMO antenna. The DG value is approximately 9.99 at 100 

GHz, exhibiting excellent performance for both configurations. 

V. CONCLUSION 

This work presents a compact, wide impedance bandwidth, 

and high-gain array antenna for the W-band. A sequential evo-

lution from a 1 × 4 array antenna to a 4 × 4 array antenna was 

carried out. The 4 × 4 array antenna, with an overall size of 9 

mm × 20 mm × 0.254 mm (approximately 3λo × 6.7λo × 0.085λo 

at 100 GHz), yielded a measured −10 dB bandwidth of 84.5–

110 GHz (26.2%) and SLL peaks as low as −16 dB. The nu-

merical and measurement results were found to be in feasible 

agreement. In addition, this is the first study to investigate con-

figurations of the two-port MIMO antenna system for the W-

band. Based on its superior characteristics, including a low pro-

file, planar structure, wide operating bandwidth, stable RHCP 

radiation, low cross-polarization (<−25 dB), low SLLs (<−10 

dB), and high radiation efficiency (>91%), and a reasonable 

fabrication method, the proposed 4 × 4 array and MIMO an-

tennas can be considered appropriate candidates for 6G applica-

tions of the sub-THz band (100–110 GHz) in wireless and 

satellite communication systems. 
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