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The continuous advancement in wireless communication technologies has significantly 

accelerated the need for high-speed, low-latency, and reliable data transmission. With the 

emergence of the fifth generation (5G) and upcoming 6G mobile communication systems, the 

pressure on the existing frequency spectrum has intensified. To accommodate the increasing user 

demands and enable massive device connectivity, the industry has turned toward the millimeter-

wave (mm-wave) frequency bands, particularly around 28 GHz and 38 GHz, which offer 

significantly larger bandwidths compared to sub-6 GHz counterparts. 

However, mm-wave communication introduces several inherent challenges. These include 

high free-space path loss, poor material penetration, short communication range, and susceptibility 

to atmospheric absorption. To overcome these limitations and ensure robust system performance, 

antenna systems operating in this spectrum must be carefully designed to deliver high gain, 

compact size, low mutual coupling in MIMO configurations, efficient beam directionality, and 

radiation safety especially for applications involving wearable and body-mounted devices. 

Antennas, being critical transducers between guided and radiated waves, have evolved 

substantially to meet these challenges. From early wire and patch antennas to modern high-

frequency implementations involving metamaterials, artificial magnetic conductor (AMC) 

surfaces, Fabry Perot cavities, and reflectarrays, the scope of antenna design has widened 

significantly. In the context of 5G and non-terrestrial networks (NTNs), antennas are no longer 



ii 
 

passive radiators but active enablers of system performance, enabling MIMO diversity, 

beamforming, spatial multiplexing, and safe interaction with human users and environments. 

This thesis is devoted to the development of compact, high-performance, and application-

specific antenna systems targeting both terrestrial and non-terrestrial mm-wave communications. 

The work is organized into six original research contributions, each solving a specific set of 

challenges associated with mm-wave antenna design. The first two contributions present split ring 

resonator (SRR)-loaded and AMC-backed dual-band antennas for wearable and body-centric 5G 

communication. These are followed by a CSRR-loaded MIMO antenna that offers a dual-band 

operation with compact size and improved gain. The fourth design explores a Fabry–Perot cavity-

backed MIMO antenna to enhance gain and aperture efficiency without increasing the system 

complexity. Building on this, the fifth contribution introduces a five-port MIMO antenna that 

achieves simultaneous polarization and pattern diversity using a unique combination of circularly 

and linearly polarized elements. Finally, the thesis culminates with a beam-steerable 3-bit 

reflectarray antenna designed for NTN platforms such as LEO/GEO satellites and high-altitude 

platforms (HAPs), offering wideband high-gain operation with mechanical beam steering. 

Across all designs, key antenna parameters such as S-parameters, gain, and efficiency have 

been rigorously evaluated through both simulation and experimental validation. MIMO-specific 

performance metrics, such as envelope correlation coefficient (ECC), total active reflection 

coefficient (TARC), and channel capacity loss (CCL) are assessed wherever applicable. Safety 

evaluations, including specific absorption rate (SAR) and power density analysis using body 

phantoms, are conducted for relevant wearable configurations. All prototypes have been fabricated 

on standard substrates and benchmarked against contemporary mm-wave antenna systems. 

Overall, this thesis offers a unified design framework that begins with on-body MIMO 

antennas for wearable networks and progresses toward high-gain reflectarrays for NTN 

deployment. The outcomes collectively demonstrate the potential of these antennas in enabling 

compact, safe, and high-performance wireless systems for 5G and beyond. 
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Dual-Band SRR-Loaded Printed Monopole MIMO Antenna 

The first work of this thesis presents a compact dual-band antenna system for mm-wave 

applications. In Stage I, a printed monopole antenna loaded with an SRR, and an annular slot 

geometry is designed on a Rogers RO4003™ substrate to operate at 28 GHz and 38 GHz.  

 

(a)                                                                                (b) 

Figure 1: SRR loaded annular slot monopole antenna. (a) Schematic diagram, and (b) comparison 

of simulated reflection coefficient (S11) of the proposed single-band antenna design with and 

without the SRR geometry. The dimensions are L= 15, lf = 6.8, wf = 0.7, r1= 1.0, r2= 1.3, l1 = 

1.74, d = 0.2, c = 0.2, and g = 0.2 (units: mm).  

 

(a)                                                                                    (b) 

Figure 2: (a) Photograph (top and bottom layer) of the fabricated prototype. (b) Simulated and 

measured S11 response of the proposed single antenna.  
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The antenna configuration is illustrated in Figure 1(a), while the simulated reflection 

coefficient (S11) comparison with and without SRR loading is shown in Figure 1(b), highlighting 

the generation of an additional resonance due to the SRR. The fabricated prototype is presented in 

Figure 2(a), and its measured and simulated S11 responses confirm dual-band operation with 

−10 dB bandwidths of 26.2–28.3 GHz and 35.6–39.37 GHz, and peak broadside gains of 6.21 dBi 

and 6.49 dBi, respectively. 

 

(a)                                                                                    (b) 

Figure 3: (a) Photograph (bottom and top layer) of the fabricated prototype of two port MIMO. (b) 

Simulated and measured S11  and S21 response of the proposed two port MIMO antenna.  

In Stage II, the antenna is extended to a two-port MIMO configuration with an inter-

element spacing of 15 mm, as shown in Figure 3(a). The simulated and measured S-parameters in 

Figure 3(b) demonstrate high isolation (>28 dB) and preservation of dual-band behavior. Several 

MIMO performance metrics, including ECC < 0.1, TARC < -10 dB, and CCL < 0.5 bps/Hz, 

validate the antenna's suitability for compact, high-isolation mm-wave 5G MIMO systems. 

AMC Backed Four-Port MIMO Antenna  

Building upon the annular-slot-based monopole antenna developed in Stage I of Work 1, 

the next work focuses on enhancing the radiation safety and extending the design into a four-port 

MIMO configuration tailored for wearable 5G mm-wave wireless body area network (WBAN) 

applications. While the earlier dual-band MIMO antenna achieved broadside radiation and dual-

band operation at 28 GHz and 38 GHz, its performance was constrained by limited isolation and a 

relatively large footprint due to the side-by-side arrangement of antenna elements. Additionally, it 

did not address on-body radiation concerns, which are critical for wearable use. 
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(a)                                                                                (b)                                               

Figure 4.  (a) Geometry and fabricated prototype (top and bottom layer) of the proposed 4 port 

MIMO antenna with sep = 6.1, Lmimo = 15, Wmimo = 33.2 (units: mm). (b) Simulated and measured 

S-parameter plots of the proposed 4-port MIMO antenna. The optimized dimensions are: L=W= 

15, r1 = 1.08, r2 = 1.38, wf = 0.7, lf = 6.6, ls = 7.5 (units: mm). 

To overcome these challenges, the same annular-slot antenna element is employed as the 

base radiator and arranged in a mutually orthogonal four-element layout to reduce mutual coupling 

and improve spatial compactness. Furthermore, a custom-designed AMC surface is integrated 

beneath the antenna to suppress back-lobe radiation and enhance gain. The layout and fabricated 

prototype of the complete four-port configuration are shown in Figure 4(a), with corresponding 

simulated and measured S-parameters presented in Figure 4(b). 

The AMC surface comprises a 10 × 7 unit-cell array, whose geometry and periodic 

simulation setup are illustrated in Figure 5(a), and its in-phase reflection behavior near 28 GHz is 

confirmed by the reflection phase plot in Figure 5(b). The assembled configuration, including the 

fabricated AMC and four-port antenna mounted above it with a 3.4 mm separation, is shown in 

Figure 5(c), and its S-parameter results are depicted in Figure 5(d). 

Compared to the standalone MIMO design, the AMC-backed antenna demonstrates a 

4.83 dBi gain improvement, up to 66% better isolation, and a bandwidth extension of 0.65 GHz. 

Safety performance is evaluated using a three-layer human body phantom, confirming reduced 

back radiation and compliance with power density limits. Overall, the proposed configuration 
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achieves enhanced gain, compactness, and user safety, making it well-suited for high-performance 

5G wearable WBAN systems.  

 

Figure 5. (a) The unit cell geometry of the proposed AMC with dimensions: a = 2.6, b=5 (units: 

mm), periodic boundary set up for simulation, and the AMC array (10×7 unit cells). (b) Simulated 

reflection phase characteristics of the AMC unit cell. (c) Fabricated prototype of the proposed 

AMC array (10 × 7) and 4 port MIMO antenna placed on top of AMC at the separation of 3.4 mm. 

(d) Simulated and measured S-parameter responses of the proposed MIMO antenna with AMC.  

CSRR-Loaded Dual-Band MIMO Antenna Array  

The third work of the thesis introduces a CSRR-loaded dual-band MIMO antenna array for 

millimeter-wave WBAN applications, operating at 28.2 GHz and 38.8 GHz (n257 and n260 

bands). The design builds conceptually on Work 1, which has used the SRR loading to achieve 

dual-band operation in a printed monopole configuration. However, Work 1 has suffered from 

limited isolation and relatively low gain due to the side-by-side single-element arrangement. 

Additionally, while Work 2 has an enhanced radiation safety due to the use of AMC, it has been 

restricted to a single-band operation and increased the overall thickness of the structure. 
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(a)                                                                                    (b) 

Figure 6. (a) Proposed single antenna geometry with the connector model, and (b) simulated 

reflection coefficients (S11) of the antenna topology with and without CSRR loading. The 

geometric dimensions are: L = W = 15, lf = 15, wf = 0.7, lm = 2, wm = 0.2, px = 2.25, py = 5.7, a = 

1.74, and b = c = d = 0.2 (unit: mm). 

 

                          (a)                                                   (b)                                               (c) 

Figure 7. (a) Proposed 1 2 power divider design. Simulated S-parameters of the power divider: 

(b) amplitude characteristics, and (c) phase characteristics. The geometric dimensions are as 

follows: lf = 6.8, wf = 0.7, lf1 = 17.2, wf1 = 0.23, lf2 = 2, wf2 = 0.46, lf3 = 2.4, wf3 = 0.7 (units: mm). 

To address these gaps, the proposed design uses a patch-based geometry with CSRR 

loading to realize dual-band response in a two-port MIMO array. As shown in Figure 6(a), the 

antenna integrates CSRRs to improve impedance matching and enable resonance at both target 

frequencies. The impact of the CSRR is demonstrated in Figure 6(b). A dual-band T-junction 

power divider, as depicted in Figure 7(a), is used to ensure proper feeding to the array network, 

with balanced amplitude and phase responses validated in Figures 7(b) and 7(c), respectively. 
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Figure 8. (a) Schematic representation and (b) fabricated prototype (top and bottom views) of the 

of the proposed two-port MIMO two-element antenna array. (c) Simulated and measured scattering 

parameter responses (S11, S12), gain, and radiation efficiency for the proposed geometry.  

To further improve the antenna performance, the two-port MIMO antenna is expanded to 

a two-element antenna array configuration, as illustrated in Figure 8(a), with its fabricated 

prototype presented in Figure 8(b). The simulated and measured performances in Figure 8(c) 

confirm high isolation (>20 dB), dual-band coverage, and broadside radiation with peak gain 

exceeding 10 dBi due to the array configuration. While the array’s footprint (0.21λ₀ × 0.53λ₀ × 

0.028λ₀) is comparable to Work 1, the gain is significantly enhanced. Importantly, the safety 

analysis using a three-layer body phantom confirms compliance with power density norms and 

low back radiation, comparable to the AMC-based design in Work 2, but without requiring 

additional layers. This design therefore combines dual-band functionality (from Work 1), 

improved radiation safety (approaching Work 2), and significantly higher gain, offering a balanced 

solution for high-performance, on-body 5G mm-wave MIMO communication systems. 
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Figure 9. Schematic diagrams of the proposed (a) antenna element along with the connector model, 

and (b) its 3-port MIMO antenna configuration. Simulated responses of both antenna element and 

MIMO antenna: (c) scattering parameters, (d) gain and efficiencies. The geometric dimensions 

are: 𝐿𝑠𝑢𝑏 = 𝑊𝑠𝑢𝑏 = 15, 𝐿𝑝𝑎𝑡𝑐ℎ = 2.54, 𝑊𝑝𝑎𝑡𝑐ℎ = 4, 𝐿𝑚𝑎 = 2, 𝑊𝑚𝑎 = 0.2, and 𝐿𝑓𝑒𝑒𝑑 = 6.8, 𝑊𝑓𝑒𝑒𝑑 = 

0.7 𝑊𝑚 = 29, Lm = 15, 𝑝𝑠𝑒𝑝 = 1.16 (unit: mm). 

 

Fabry–Perot Cavity-Based MIMO Antenna  

Building on the prior development of compact dual-band MIMO antennas using CSRR 

loading (Work 3) and AMC-backed wearable MIMO systems (Work 2), the fourth work advances 

toward designing a high-gain, aperture-efficient mm-wave MIMO antenna for 28 GHz 5G (n257 

band) applications. The key objective is to significantly improve directivity and aperture efficiency 

while maintaining strong MIMO performance within a compact form factor. 
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Figure 10. (a) Radiation mechanism in FP Cavity; Simulated parametric variation of S11 with 

respect to height of the cavity (Hca), when a single antenna element is loaded with (b) an unprinted 

PRS, (c) a 3×3 single-side printed PRS array, and (d) a 3×3 double-side printed PRS array.  

 

The proposed antenna consists of three orthogonally placed rectangular microstrip patch 

elements forming a three-port MIMO system without any external decoupling structures. The 

schematic of a single antenna element and the full MIMO layout are illustrated in Figures 9(a) and 

9(b), respectively. The simulated S-parameters, gain, and efficiency for both single and multi-port 

configurations are shown in Figures 9(c) and 9(d), demonstrating adequate isolation, good 

impedance matching, and stable radiation characteristics. 

To enhance the antenna performance, a Fabry–Perot cavity is implemented by placing a 

superstrate approximately at half-wavelength above the antenna geometry. To choose the optimum 

Fabry–Perot cavity for the proposed MIMO antenna, three different configurations are 

investigated: (i) an unprinted dielectric, (ii) a single-side printed partially reflecting surface (PRS), 

and (iii) a double-side printed PRS. Their responses are parametrically varied and the most suitable 

configuration is chosen for improving the performance of the MIMO antenna. 
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Figure 11. Simulated and measured S-parameters of the proposed MIMO antenna for different 

cases: (a) without loading any PRS (i.e. only antenna geometry), (b) loaded with a unprinted PRS 

array, and (c) loaded with a double-side printed PRS array. The solid and dashed lines represent 

simulated and measured responses, respectively. (d) Simulated and measured broadside gain of 

the proposed MIMO antenna (Port 1) for all cases (i.e., unloaded, loaded with unprinted PRS, and 

loaded with double-side printed PRS array). 

 

The underlying radiation mechanism and the effect of cavity height (Hca) on the S11 

performance are analyzed in Figures 10(a)–10(d), confirming constructive wave interference due 

to Fabry–Perot resonance. The simulated and measured S-parameters for all three superstrate 

configurations are shown in Figures 11(a)–11(c), revealing enhanced bandwidth and inter-port 

isolation compared to the unloaded case. The corresponding gain improvements are presented in 

Figure 11(d), highlighting performance enhancement with each superstrate. 

Performance comparison across different configurations reveals a peak gain of 12.74 dBi 

and 91.5% aperture efficiency with the double-side PRS, followed by 12.24 dBi / 87.9% for the 
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unprinted dielectric, and 11.84 dBi / 78.1% with the single-side PRS. In all cases, the ECC remains 

below 0.01, ensuring strong MIMO diversity performance. The measured results closely align with 

simulations, validating the design accuracy. 

This work represents a logical progression from the CSRR-loaded, dual-band compact 

MIMO system (Work 3) and the AMC-based, single-band wearable antenna (Work 2), toward a 

high-efficiency Fabry–Perot cavity-backed architecture. The combination of enhanced gain, 

aperture efficiency, low mutual coupling, and compact structure makes the proposed antenna 

highly suitable for high-data-rate, long-range 5G MIMO deployments. 

 

 

Figure 12. Illustration of the proposed 5-port MIMO antenna design: (a) top view, and (b) bottom 

view. The optimized dimensions are as follows: lf = 4, wf = 0.77, lt = 1.6, wt = 0.2, lr = 3.5, wr = 

3.35, c = 0.55, lm1 = 9.5, wm = 0.7, lm2 = 5.1, lm3 = 2.4, lm4 = 8.8, lm5 = 1.45, and Wg = 23 (units: mm).   

 

Five-Port MIMO Antenna with Polarization and Pattern Diversity  

The fifth work presents the design and demonstration of a compact five-port mm-wave 

MIMO antenna system offering simultaneous polarization and pattern diversity, specifically aimed 

at 28 GHz 5G wireless communication. The schematic top and bottom views of the proposed 

antenna are illustrated in Figures 12(a) and 12(b), respectively, with optimized geometric 

parameters detailed therein. The measured S-parameter responses for individual port excitations 

are shown in Figures 13(a)–(b), while the axial ratio characteristics of the circularly polarized ports 

are provided in Figure 13(c). 
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Figure 13. The measured S-parameters of the fabricated MIMO antenna system, when: (a) Port-1 

and (b) Port-2, are individually excited. (When one port is excited, others are terminated with 

matched loads). (c) Measured axial ratio, when Ports 2, 4, and 5 are individually excited. 

 

Evolving from Work 2 to Work 4, this design (fifth work) shifts from gain and safety 

optimization toward enhanced spatial and polarization diversity. While earlier designs have 

improved performance through AMC backing, dual-band CSRR loading, and FP cavity 

superstrates, they remain limited to broadside radiation and lacked polarization diversity. Work 5 

addresses these gaps, ensuring robust operation in dynamic multipath environments. 

The proposed antenna integrates three chamfered rectangular patch elements (Ports 2, 4, 

and 5) producing circular polarization (CP) responses—two right-hand CP (RHCP) and one left-

hand CP (LHCP)—all radiating in the broadside direction. Additionally, two printed dipole 
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antennas (Ports 1 and 3) provide linearly polarized (LP) radiation in the end-fire direction. This 

hybrid configuration enables the system to support multiple signal orientations and paths, thereby 

improving resilience to user motion and channel variation. 

Despite incorporating five elements with diverse radiation patterns, the design maintains a 

compact footprint (1.4λ0 × 4.26λ0), high isolation (22–61 dB), and radiation efficiency between 

89–97%, all without any external decoupling structures. Experimental validation confirms peak 

gains up to 9.05 dBi and adequate bandwidth across all ports. 

By combining RHCP, LHCP, and LP elements in a single platform and achieving both 

broadside and end-fire radiation, this work provides a well-balanced and compact solution that 

meets the practical demands of high-capacity, resilient, and spatially diverse 5G MIMO systems. 

 

Reflectarray for mm-wave Non-Terrestrial Networks 

This sixth and final work presents the development of a wideband, high-gain reflectarray 

antenna operating at 28 GHz for Ka-band mm-wave Non-Terrestrial Network (NTN) applications.  

 

Figure 14. (a) General setup of the proposed Reflectarray antenna fed by a horn antenna. (b) 

Schematics of the designed 3D printed horn antenna, with dimensions: hf1 = 13.05, hf2 = 19.89, hl1 

= 5.6, hl2 = 24, hw1 = 3, and hw2 = 18.53 (units: mm). 

 

The planar reflectarray is a two-dimensional geometry composed of sub-wavelength 

square-ring unit cell resonators, arranged to produce a highly directional beam in the desired 

direction when illuminated by a feed source placed at a specific focal position. The fundamental 

configuration of the reflectarray antenna, fed by a 3D-printed pyramidal horn antenna, is shown in 
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Figure 14(a), where D represents the aperture dimension and F denotes the focal distance from the 

feed to the array. The detailed schematic of the horn antenna, with optimized dimensions is 

presented in Figure 14(b). 

 

                         (a)                                                  (b)                                           (c) 

Figure 15. (a) Required 3-bit discrete reflection phase distribution plot for the radiated beam at θ 

= 0° and φ = 0°. (b) Top view and (c) isometric view of the proposed unit cell along with its 

equivalent circuit diagram. The dimensions are: l1 = 3.2 mm, h = 0.797 mm. Cse1 and Cse2 represent 

coupling capacitances, Lse denotes the inductance of the metallic square ring, Rd is resistance 

associated with substrate loss, and Zsh represents vertical coupling capacitance or inductance.  

 

                                        (a)                                                                       (b) 

Figure 16. Measured and simulated far-field radiation pattern for radiated beam at 0°, 20°, -20° in 

YZ-plane at (a) 26.7 GHz and (b) 38 GHz. 
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The reflectarray consists of a 31 × 31 planar grid of 3-bit quantized unit cells, each 

engineered to impart discrete phase shifts by varying the dimensions of the metallic square ring. 

The required continuous reflection phase distribution for generating a broadside beam (θ = 0°, φ 

= 0°) is shown in Figure 15(a). The geometry of the proposed square-ring unit cell in top and 

isometric views, along with its equivalent circuit model, are presented in Figures 15(b)-(c). This 

design achieves a full 360° reflection phase range with low insertion loss (< 0.8 dB). 

Far-field radiation patterns for beams steered at 0°, 20°, and −20° in the YZ-plane are 

shown in Figures 16(a) and 16(b) for 26.7 GHz and 38 GHz, respectively, confirming stable beam 

shaping and minimal distortion across steering angles. The gain and aperture efficiency versus 

frequency are presented in Figure 17(a) and 17(b), respectively, indicating a peak gain of 27.8 dBi, 

maximum aperture efficiency of 56.1%, and a wide 3-dB gain bandwidth of 54.6%. 

 

                                        (a)                                                                       (b) 

Figure 17. Simulated and measured (a) gain and (b) aperture efficiency of the proposed reflectarray. 

  

In summary, this thesis presents a systematic progression from compact wearable MIMO 

antennas to high-gain, beam-steerable reflectarrays, covering 28 GHz and 38 GHz 5G applications. 

The designs employ SRR/CSRR loading, AMC integration, Fabry–Perot cavities, and polarization–

pattern diversity to enhance bandwidth, gain, isolation, and deployment versatility. The final 

reflectarray solution demonstrates scalability from terrestrial to non-terrestrial networks, offering a 

unified framework for next-generation mm-wave communications. 
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Chapter 1 

Introduction 

The relentless pursuit of higher data rates, greater reliability, and lower latency has been the 

principal driving force behind the evolution of wireless communication technologies. Since the 

mid-1980s, wireless systems have advanced from the analog, voice-centric first generation 

(1G), through the digital revolution of second generation (2G), to the multimedia capabilities 

of third generation (3G) networks. These early systems primarily supported voice 

communication, while data-intensive services such as video streaming or file transfer remained 

dependent on wired connections. The arrival of fourth generation (4G) systems marked a 

turning point, enabling the convergence of mobile broadband and the Internet, with 

technologies like multiple-input multiple-output (MIMO) dramatically enhancing channel 

capacity without requiring additional spectrum. 

Building on this foundation, fifth-generation (5G) networks have already been rolled out, 

with sub-6 GHz deployments delivering improved capacity and coverage. However, while 

these systems provide important enhancements over 4G, they fall short of meeting the full 

spectrum of emerging requirements. Bandwidth-intensive applications such as augmented 

reality (AR), 3D media, and ultra-high-definition (8K) video streaming demand peak data rates 

on the order of 10 Gbit/s and beyond, coupled with ultra-low latency and massive connectivity. 

Meeting these targets necessitates moving beyond sub-6 GHz solutions toward millimeter-

wave (mm wave) frequency bands, which offer the wide bandwidths required to realize the 

ambitious vision of 5G and beyond-5G (B5G) communications [1]. 

The mm-wave spectrum (30–300 GHz) provides vast bandwidth for multi-Gbps data rates 

and remains under-utilized compared to sub-6 GHz bands. Regulatory bodies such as the ITU 

and FCC have allocated key 5G bands—most notably 28 GHz and 38 GHz—owing to their 

low atmospheric attenuation and proven suitability for terrestrial and indoor communications 

[2]. However, operation at mm-wave frequencies presents unique challenges. The free-space 

path loss increases with frequency, leading to significantly higher attenuation than in sub-6 

GHz systems—for instance, the path loss at 28 GHz is about 15 dB higher than at 5 GHz for 

the same distance. Additional losses arise from atmospheric absorption (notably at 60 GHz due 

to oxygen resonance), rain attenuation, and scattering. These factors restrict mm-wave 

communications primarily to short-range links and small-cell architectures. Mitigation requires 
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the use of high-gain, and highly directive antennas. When such antennas are employed at both 

the transmitter and the receiver, they can partially offset free-space losses, enhance the signal-

to-noise ratio (SNR), and support reliable line-of-sight (LOS) links. 

Antenna design is therefore a critical enabling factor in the success of mm-wave systems. 

Antennas serve as the transducers coupling guided RF energy to free space, and their physical 

dimensions scale inversely with operating frequency—allowing compact form factors at mm-

wave bands. Modern consumer devices often conceal microstrip antennas beneath their outer 

casings, where thin metallic patches on dielectric substrates provide efficient low-profile 

radiation. For mm-wave operation, common high-gain antenna types include reflectors, lenses, 

and horns, but these are often impractical for compact, handheld, or wearable devices due to 

their bulk size and cost. Instead, printed circuit antennas, such as microstrip patches or dipole 

arrays, offer a manufacturable, low-cost, and integration-friendly alternative. 

At 28 GHz, achieving reliable high-capacity links necessitates careful consideration of beam 

directivity and scanning capability. Highly directive antennas (e.g., 20 dBi gain) exhibit half-

power beamwidths as narrow as 16°, making even minor transmitter–receiver misalignments 

detrimental to link quality [3]. Beam-steerable or switched-beam arrays can counteract this by 

dynamically adjusting the radiation direction to maintain connectivity. Furthermore, practical 

radiation patterns differ from idealized models—side lobes, main-lobe degradation under 

misalignment, and polarization effects must be factored into both antenna and system design. 

The use of MIMO architectures further enhances mm-wave performance by exploiting 

spatial dimensions to boost capacity without extra spectrum or power [4]. The short wavelength 

enables large-array integration, allowing hybrid spatial multiplexing and beamforming—

jointly improving throughput, SNR, and link robustness in diverse channel conditions. 

However, at mm-wave frequencies, MIMO antenna design presents distinct challenges 

arising from the extremely small wavelength. The reduced wavelength facilitates the 

integration of large antenna arrays within compact spaces; however, it simultaneously imposes 

stringent requirements on element isolation, MIMO performance, and fabrication precision. 

Inadequate control of these parameters can lead to increased mutual coupling between closely 

spaced elements, thereby deteriorating overall system performance. Precise array calibration 

and low-loss feeding networks are critical to maintain phase coherence across elements for 

effective beamforming and spatial multiplexing. Hybrid antenna architectures, combining 

subarray-based analog beamforming with digital precoding, can help reduce hardware 
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complexity while retaining directional gain. Techniques such as element pattern optimization, 

use of low-loss substrates, and incorporation of reconfigurable or adaptive antenna elements 

further enhance MIMO performance, enabling robust links even in dynamic mm-wave 

environments. 

In addition to terrestrial applications, mm-wave technology is rapidly expanding into the 

domain of Non-Terrestrial Networks (NTNs), envisioned as a critical extension of the 5G and 

beyond-5G ecosystems. NTNs leverage spaceborne and airborne platforms to deliver seamless 

global coverage, especially in areas where terrestrial networks face deployment limitations or 

reliability challenges. The spaceborne segment primarily includes geosynchronous and non-

geosynchronous satellite constellations such as Low Earth Orbit (LEO) and Geostationary 

Earth Orbit (GEO) systems, while the airborne segment encompasses Uncrewed Aerial 

Vehicles (UAVs), Uncrewed Aerial Systems (UAS), and High-Altitude Platforms (HAPs). 

Together, these advanced platforms can effectively bridge connectivity gaps, extend network 

reach, and provide resilient communication services in remote or disaster-affected regions 

where terrestrial infrastructure is sparse or non-functional. 

From a Radio Access Network (RAN) perspective, the significance of NTNs within the 5G 

framework lies in their ability to overcome spatial, economic, and deployment constraints 

inherent to ground-based systems. By establishing wide-area coverage through aerial and 

satellite-based links, NTNs play a vital role in ensuring continuous connectivity for mobile 

broadband and Internet of Things (IoT) applications, particularly in rural areas. This hybrid 

integration of terrestrial and non-terrestrial components forms a comprehensive 

communication ecosystem capable of meeting diverse service demands—from broadband 

access and vehicular communication to remote sensing and emergency response [5]. 

Recognizing their strategic potential, the 3rd Generation Partnership Project (3GPP) has 

incorporated NTN integration into the 5G standardization roadmap. Specifically, 3GPP 

Releases 17 and 18 focus on harmonizing NTN with the terrestrial 5G architecture by defining 

interworking protocols, mobility management procedures, and interoperability frameworks 

between satellite, aerial, and ground segments. Release 17 formally includes LEO satellite 

constellations and high-altitude platforms as NTN use cases, laying the groundwork for unified 

global coverage. Figure 1.1 shows the standard 3GPP management system integrated with the 

satellite management system. These advances mark a step toward realizing an interconnected 

communication infrastructure that transcends traditional terrestrial boundaries [7]-[8]. 
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Figure 1.1: The evolution of integrated terrestrial and non-terrestrial networks [6]. 

To support the high-gain, wide-bandwidth, and beam-agile requirements of NTN links, 

antenna technologies must evolve to deliver efficient, lightweight, and steerable solutions. 

Reflectarray antennas have emerged as particularly promising candidates in this context, 

combining the high-gain characteristics of parabolic reflectors with the planar form factor of 

phased arrays. By introducing electronically or mechanically controlled phase shifts, they 

enable dynamic beam steering while maintaining a low-profile and cost-effective structure. 

Such attributes make reflectarrays well-suited for next-generation NTN applications involving 

LEO/GEO satellites, UAVs, and HAPs, where compactness, power efficiency, and adaptive 

coverage are essential for maintaining robust mm-wave communication links over vast and 

dynamic environments. As wireless communication systems continue to diversify and demand 

increasingly specialized performance, antenna engineering has moved away from a one-size-

fits-all paradigm toward highly optimized designs tailored to specific operational contexts. 

Each environment introduces its own challenges—ranging from the compact form factors 

required by portable and wearable devices, to proximity effects near the human body, operation 

at extreme frequencies, and the need to maintain high mobility with dynamic coverage. 

Addressing these challenges necessitates innovations not only in antenna geometry, but also in 

the integration of advanced materials, engineered surfaces, and multi-antenna configurations. 

Within this evolving landscape, the research presented in this thesis situates itself at the 

intersection of these demands, aiming to bridge the gap between diverse application 
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requirements and practical mm-wave antenna solutions. Specifically, the thesis focuses on the 

design and realization of compact, high-performance, and application-specific mm-wave 

antenna systems for both terrestrial and non-terrestrial communications. The work follows a 

logical progression—beginning with integration strategies for wearable and portable platforms, 

where size, efficiency, and user proximity are key constraints, and advancing toward the 

development of high-gain, beam-steerable architectures capable of meeting the stringent 

requirements of NTN links. 

1.1 Millimeter Wave Spectrum 

Millimeter-wave (mm-wave) frequencies offer exceptionally wide bandwidths, making it 

possible to achieve multi-gigabit data rates well beyond those of conventional wireless systems. 

For an additive white Gaussian noise (AWGN) channel, the channel capacity (C) is linearly 

dependent on the available bandwidth (B) as [9]: 

𝐶 = 𝐵 𝑙𝑜𝑔2(1 + 𝑆𝑁𝑅)                                                      (1.1) 

where, SNR is the signal to noise ratio. Since the transmitted power at mm-wave frequencies 

is capped by regulatory and safety limits, these links are generally suited to small-cell 

deployments rather than wide-area coverage. Even within this constraint, mm-wave systems 

offer several notable advantages. The short wavelengths allow for dense frequency reuse, 

enabling many cells to coexist efficiently within a limited geographic area. The abundant 

available bandwidth makes it possible to achieve data rates approaching those of fibre-optic 

links, supporting high-capacity applications. Moreover, the technology benefits from decades 

of use in secure communication systems, providing a mature foundation for wireless networks. 

Interest in mm-wave technology is not new — experimental work at these frequencies dates 

back over a century [10]— but modern fabrication techniques, signal processing advances, and 

new spectrum policies have made them viable for widespread deployment. With the abundance 

of spectrum available, significant research efforts have focused on developing mm-wave 

wireless networks and standards such as IEEE 802.11ad Wi-Fi operating at 60 GHz. Figure 1.2 

illustrates the mm-wave spectrum earmarked for future mobile communication. The total 

available bandwidth exceeds 150 GHz (excluding absorption bands), and unutilized mm-wave 

bands have already attracted significant research interest. 
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Figure 1.2: Millimeter-wave spectrum earmarked for future mobile communication [11]. 

Today, mm-wave spectrum is increasingly recognized as a cornerstone of high-capacity, 

low-latency 5G and future-generation wireless systems. International bodies such as 3GPP and 

the ITU have adopted a phased rollout strategy—beginning with frequencies below 40 GHz 

for early deployments, and gradually expanding into higher bands. At WRC-19, new 

allocations for 5G includes 24.5–27.5 GHz, 37–43.5 GHz, 45.5–47 GHz, 47.2–48.2 GHz, and 

66–71 GHz [12]. Among these, the 28 GHz, 38 GHz, and 73 GHz bands have gained 

prominence for long-distance links because of their relatively low oxygen absorption, in 

contrast to the heavily attenuated 60 GHz band. Such globally coordinated allocations are 

fostering economies of scale in both device manufacturing and network infrastructure. 

In India, the mm-wave journey has picked up pace. Reliance Jio holds substantial mm-wave 

allocation around the 26 GHz band across all major areas, enabling enterprise-grade and fixed 

wireless broadband services [13]. The Telecom Regulatory Authority of India (TRAI) has 

recommended expanding auctions into the 37–40 GHz bands to support high-capacity 5G 

deployments in dense urban zones. The regulator has, however, held off from auctioning the 

42.5–43.5 GHz band due to the current lack of device support. These moves reflect India’s 
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effort to adopt globally aligned mm-wave bands while allowing for careful rollout aligned with 

ecosystem maturity. 

In recent years, mm-wave has also become a key enabler for NTNs, which include satellite-

based and aerial communication platforms. The latest 3GPP specifications define dedicated 

NTN bands in the upper Ka-band range, with uplink channels around 27.5–30 GHz and 

downlink channels extending from roughly 17.7 to 30 GHz [14]. These allocations are intended 

to deliver high-capacity, wideband links between spaceborne or high-altitude platforms and 

ground terminals. However, using mm-wave in NTNs is far from straightforward: signal 

attenuation due to atmospheric absorption, precise beam alignment for moving platforms, and 

Doppler effects at high relative velocities all present engineering challenges. 

1.2 High-Gain Millimeter Wave Antennas 

Mitigating propagation losses at mm-wave frequencies necessitates the deployment of high-

gain and highly directive antennas. At mm Wave frequencies, high gain is typically realized 

through an increased effective aperture or through the collective radiation of multiple elements 

in an array. By concentrating radiated energy into narrow beams, the antennas can effectively 

compensate for severe free-space attenuation and atmospheric absorption. When directional 

antennas are employed at both the transmitter and receiver, the received power increases 

significantly, resulting in an improved SNR and enhanced link reliability—particularly for 

LOS communication scenarios. 

The gain of an antenna represents its capability to focus radiated power in a preferred 

direction relative to an isotropic radiator. Since received power diminishes rapidly with 

increasing frequency due to higher path loss, the use of high-gain antennas at both link 

terminals becomes essential for sustaining efficient mm-wave communication links over 

extended distances. The maximum gain (𝐺𝑚𝑎𝑥) achievable by an antenna aperture (𝐴𝑒𝑓𝑓) can 

be calculated as:                            𝐺𝑚𝑎𝑥 = 
4𝜋𝐴𝑒𝑓𝑓𝜖

𝜆2                                                                        (1.2)  

where, 𝜖 is the radiation efficiency of the antenna. Increasing the aperture size or the 

operating frequency enhances gain, but practical constraints—such as limited space and 

integration requirements—often restrict physical aperture expansion. 

One of the ways to improve the gain of an antenna is by arranging multiple radiating 

elements into an array configuration. The use of antenna arrays remains a classical and widely 

adopted method, where the collective radiation of several elements enhances the overall 
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directivity and gain. However, at mm-wave frequencies, array implementations face significant 

challenges such as increased feed network losses, mutual coupling between closely spaced 

elements, elevated side-lobe levels, and radiation leakage at feed-line junctions—all of which 

deteriorate overall efficiency and performance. 

In recent years, several innovative gain enhancement approaches have been explored as 

alternatives to traditional array networks. Among them, resonant cavity antennas (RCAs)—

including Fabry–Perot cavity (FPC) and bandgap resonator antennas (BRA) based on partially 

reflective surfaces (PRSs) —have gained notable attention. While PRS-based antennas [15] 

achieve substantial gain improvements, their impedance bandwidths are limited by the spacing 

between the radiating surface and the PRS, typically around λ₀/2 (where λ₀ is the free-space 

wavelength). This constraint often increases the overall height and reduces aperture efficiency. 

To mitigate these issues, alternative materials and configurations have been investigated. 

Dielectric slabs with phase-compensating holes have been proposed [16], though their gain 

enhancement remains modest (~2.3 dB). Other studies have introduced epsilon-near-zero 

(ENZ) and mu-near-zero (MNZ) metamaterials [17] to manipulate electromagnetic (EM) wave 

propagation and enhance directional radiation. While these materials can achieve gain 

improvement in specific planes (E- or H-plane), they often narrow the impedance bandwidth 

and are highly sensitive to fabrication tolerances and permittivity variations near zero. 

Furthermore, ensuring impedance matching between the antenna and the metamaterial layer 

remains a critical challenge. 

Another promising strategy involves near-field phase correction, which provides gain 

enhancement by tailoring the phase distribution across the antenna aperture without relying on 

bulky lenses. This approach utilizes arrays of miniature phase-delay unit cells to locally modify 

the phase of the transmitted wavefront [18]. Although early implementations suffered from 

limited aperture efficiency (≈30%) due to single-frequency phase shifters, subsequent 

wideband designs [19] have achieved up to 46% impedance bandwidth and 70% aperture 

efficiency. A recent extension of this concept employs 3D-printed dielectric superstrates with 

variable height profiles to achieve differential transmission delays for phase alignment [20]. 

Despite their wide bandwidth, these designs tend to be physically large, often exceeding 1.4λ₀ 

in height, and achieve moderate aperture efficiencies (~46%). In summary, several gain-

enhancement techniques, have shown significant potential. Nevertheless, maintaining a 

balanced trade-off among gain, bandwidth, efficiency, and compactness continues to be a major 

challenge in mm-wave antenna systems. 
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1.3 MIMO System  

Multiple-Input Multiple-Output (MIMO) technology has become a cornerstone of modern 

wireless communication, driving advancements from 4G to 5G and beyond [21]-[23]. By 

employing multiple antennas at both the transmitter and receiver ends, MIMO enables a linear 

increase in channel capacity without additional bandwidth or transmitted power. It establishes 

multiple parallel transmission paths that enhance spectral efficiency, mitigate fading, suppress 

interference, and improve link reliability—particularly in rich-scattering environments. 

Moreover, by directing radiated energy toward intended users, MIMO enhances energy 

efficiency and extends coverage, a feature especially vital at mm-wave frequencies where it 

provides both diversity and array gain to counter high propagation losses. 

In real-world conditions, multipath propagation naturally arises due to reflections from 

obstacles such as buildings, trees, and terrain features. Ironically, the very phenomenon of 

multipath propagation that once degraded wireless performance has now become indispensable 

for realizing the full benefits of MIMO technology. When only the LOS propagation exists, 

such as when the transmitter and receiver are directly aligned within a confined space, all 

transmitted signals traverse identical paths, experiencing the same channel conditions. In such 

cases, the key advantages of MIMO, namely multiplexing and diversity gains, vanish, and the 

system behaves like a conventional antenna array, offering only array gain. Thus, MIMO 

configurations can achieve spatial diversity or spatial multiplexing benefits only in 

environments rich in multipath propagation. 

The growing demand for ubiquitous, high-quality wireless connectivity—anywhere and 

anytime—continues to drive innovation in MIMO architecture and deployment strategies [24-

25]. Future networks must sustain exponentially increasing data traffic and achieve 

substantially higher area throughput, which can be realized through a combination of cell 

densification, spectrum expansion, and improved spectral efficiency (SE) [26]. To meet these 

requirements, network infrastructures are organized into two tiers: a coverage tier and a hotspot 

tier. The coverage tier ensures wide-area service continuity and mobility, where increasing SE 

is the preferred means to enhance throughput, since higher frequency operation or densification 

may compromise coverage. Conversely, the hotspot tier handles high-capacity, localized 

traffic—such as in urban and indoor environments—where densification and the utilization of 

mm-wave spectrum are particularly effective, aided by high-gain antenna arrays that provide 

significant array and beamforming gains. 
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In large-scale MIMO systems, the achievable SE of a single user equipment (UE) depends 

logarithmically on the signal-to-interference-plus-noise ratio (SINR), meaning that significant 

capacity gains are achieved not through individual link enhancement but by serving multiple 

UEs simultaneously using spatial division multiple access (SDMA). In this context, massive 

MIMO configurations, with a large number of base station (BS) antennas (M) serving multiple 

users (K) such that M/K > 1, enable near-optimal linear precoding and combining strategies 

that minimize interference [27-28]. As the number of antennas increases, the wireless channel 

exhibits channel hardening—a phenomenon where random fading effects average out, 

resulting in nearly deterministic channel behavior and improved reliability. Efficient utilization 

of such systems depends on accurate channel state information (CSI), which is most effectively 

acquired in time-division duplexing (TDD) operation using uplink pilots and channel 

reciprocity, minimizing feedback overhead. 

Together, these advancements in MIMO technology—spanning spatial multiplexing, 

beamforming, and large-scale array processing—form the foundation of next-generation 

wireless systems. They not only enhance the spectral and energy efficiency of terrestrial 

networks but also extend seamlessly into NTN architectures, enabling high-capacity, reliable 

communication links across terrestrial, aerial, and satellite domains [29-30].  

The general MIMO topology is shown in Figure 1.3, where M and N denote the number of 

transmitting and receiving antennas, respectively. In MIMO, distinct data streams are 

transmitted simultaneously from each antenna over the same bandwidth, enabling a potential 

k-fold increase in data rate (for k antennas at each end) without additional bandwidth or power. 

 

Figure 1.3: The general MIMO topology. 

MIMO systems exploit rich multipath environments, where spatial diversity of the received 

EM fields enables multiple independent channels within the same frequency band. This 
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architecture maximizes channel capacity, achieving the theoretical Shannon limit, which 

defines the maximum achievable information rate for a given noise level [31]. 

A wireless channel can be represented by the following expression: 

        𝑦 = ℎ𝑥 + 𝑛                                                                 (1.3) 

where, ‘𝑦’ corresponds to the vector representing the received signals, and ‘𝑥’ represents 

the vector for the transmitted signals. The matrices ‘ℎ’ and ‘𝑛’ relate to the characteristics of 

the channel. The MIMO channel describes the communication pathway of a system comprising 

𝑀𝑇 transmitters and 𝑀𝑅 receivers. This relationship can be concisely represented using a matrix 

with dimensions 𝑀𝑇 ×  𝑀𝑅. This matrix encapsulates the interactions between the transmitters 

and receivers, highlighting the spatial aspects of signal propagation and reception. This 

representation aids in comprehending the intricate dynamics of MIMO systems. 

              𝐻 =

[
 
 
 

ℎ1,1 ℎ1,2

ℎ2,1 ℎ2,2
⋯

ℎ1,𝑀𝑇

ℎ2𝑀𝑇

⋮ ⋱ ⋮
ℎ𝑀𝑅,1 ℎ𝑀𝑅,2 ⋯ ℎ𝑀𝑅,𝑀𝑇]

 
 
 

                                               (1.4)   

In Equation (1.4), the term hMR,MT
 represents the channel gain that characterizes the 

communication link between M-th transmitting antenna and N-th receiving antenna. The 

configuration of the total number of receiving and transmitting antennas, denoted as M, plays 

a crucial role in defining the unique properties of the signals emitted by the transmitting system.  

MIMO technology operates in three principal modes—spatial diversity, spatial 

multiplexing, and beamforming —each serving distinct performance objectives and operating 

conditions, as illustrated in Figure 1.4. In the spatial diversity mode, as depicted in Figure 

1.4(a), multiple antennas transmit identical copies of the same signal to mitigate multipath 

fading; when one propagation path is attenuated, another ensures reliable reception, thereby 

enhancing link robustness in adverse channel conditions. Conversely, the spatial multiplexing 

mode divides the data stream into several independent sub-streams transmitted simultaneously 

over multiple antennas, yielding a near-linear increase in data rate without additional 

bandwidth or power. Figure 1.4(b) shows the spatial multiplexing mode. For instance, 

employing three transmit antennas can ideally triple throughput relative to a single-antenna 

system. However, spatial multiplexing performs optimally in high-SNR, bandwidth-limited, 

and high-rank channels, whereas in power-limited or low-SNR environments, beamforming 

becomes more advantageous by focusing radiated energy toward the intended user. This 
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enhances signal strength, extends coverage, and suppresses interference, a capability 

particularly vital in mm-wave systems where high path loss and noise-limited conditions 

dominate [32]. 

 

                                                   (a)                                                (b) 

Figure 1.4: Three-port MIMO antenna system operation: (a) spatial diversity mode, and (b) 

spatial multiplexing mode. 

In practice, next-generation mm-wave MIMO systems often operate in a hybrid regime, 

combining beamforming and spatial multiplexing to balance throughput and reliability. Hybrid 

beamforming architectures generate multiple high-gain beams to improve SNR while 

supporting independent data streams when adequate spatial diversity exists [33]. However, 

realizing such performance within compact wireless devices introduces new design challenges 

[34]. Modern communication platforms increasingly demand reduced antenna size without 

compromising efficiency; earlier devices employed large helical antennas, whereas 

contemporary designs utilize compact configurations such as the Planar Inverted-F Antenna 

(PIFA) [35]. In MIMO systems, multiple radiating elements are often co-located on a common 

substrate with a shared ground plane, which gives rise to mutual coupling—the undesired 

power interaction between adjacent antenna elements. Mutual coupling, essentially the inverse 

of isolation, is quantified using S-parameters, particularly the transmission coefficient Sxy, 

which measures power transfer between xth antenna and yth antenna. When the inter-element 

spacing is reduced below half the wavelength (λ/2), mutual coupling increases significantly, as 

commonly observed in compact devices such as smartphones, USB dongles, and routers [36-

37]. This elevated coupling degrades both overall system efficiency and the independent 

performance of individual radiators. Consequently, achieving high isolation becomes critical 
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for maintaining MIMO effectiveness. Various mitigation strategies—targeting both port 

coupling and field coupling—have been proposed in literature to suppress mutual coupling and 

preserve the intended diversity, multiplexing, and beamforming gains of advanced MIMO 

antenna systems [38]. 

1.4 Diversity Techniques in MIMO 

Diversity techniques form a foundational aspect of modern MIMO systems, enabling robust, 

high-capacity communication even under adverse channel conditions. A wireless 

communication channel is inherently prone to impairments such as fading, interference, 

security vulnerabilities, and reduced transmission rates. To overcome these challenges and 

enhance signal reliability, diversity techniques are employed. The core principle of diversity is 

to transmit multiple replicas of the same signal through independent propagation paths, 

ensuring that not all copies experience deep fading simultaneously. For a diversity system to 

yield significant performance gains, two essential conditions must be met: (a) the individual 

communication channels should exhibit low cross-correlation, and (b) the average received 

power from each channel should be approximately equal. Several forms of diversity can be 

exploited—spatial, frequency, time, polarization, and pattern diversity—each generating 

uncorrelated signal replicas through distinct physical mechanisms [39-40]. 

Antenna diversity, in particular, plays a crucial role in MIMO systems by mitigating spatial 

correlation between antennas and improving link robustness and throughput. In practical 

designs, multiple diversity techniques are often combined to achieve optimal system 

performance. Among these, spatial diversity—already discussed in the previous section—is 

one of the most effective and widely used techniques. It involves placing antennas at different 

spatial locations to reduce correlation between received signals by exploiting variations in the 

multipath environment. The required antenna separation depends on factors such as 

propagation conditions and the angular spread of incoming waves—typically greater than 10λ 

in urban outdoor environments and about 0.5λ in indoor rich-scattering conditions [41]. 

Frequency diversity improves reliability by transmitting identical signals across two or more 

frequencies separated by at least the coherence bandwidth—the frequency range over which 

channel fading remains correlated [42]. Although this enhances link quality, it requires 

additional frequency resources. Similarly, time diversity transmits identical information in 

distinct time slots spaced beyond the channel coherence time, ensuring that successive 

transmissions experience statistically independent fading. 



14 
 

Polarization diversity [43] provides another effective approach, particularly at mmWave 

frequencies where large spatial separations between antenna elements are often impractical in 

compact devices. It employs antennas with orthogonal polarization states—such as vertical and 

horizontal or left- and right-hand circular polarization—to maintain low signal correlation even 

when antennas are co-located. Dual-polarized antenna systems have therefore become widely 

adopted in mm Wave arrays. Further research has also explored utilizing multiple EM field 

components (three electric and three magnetic) to increase MIMO channel capacity, inspiring 

innovative antenna designs capable of exciting multiple field components. 

At higher frequencies, pattern (or angle) diversity employs multiple antennas with distinct 

radiation patterns or beam orientations to receive multipath signals arriving from different 

directions. This technique enhances coverage and reduces correlation by capturing energy from 

diverse angular regions. Studies have confirmed that pattern diversity performs comparably to 

spatial diversity, particularly in dense urban and multipath-rich environments [44]. 

1.5 Performance Metrics for MIMO Antenna Systems 

Conventional antenna performance is typically characterized by parameters such as 

bandwidth, resonance frequency, radiation pattern, gain, and efficiency. However, in the case 

of MIMO antenna systems, additional performance metrics are essential to fully assess system 

behaviour [45], [46]. These include the envelope correlation coefficient (ECC) [47], diversity 

gain (DG), diversity order (DO), diversity measure (DM) [48], total active reflection coefficient 

(TARC) [49], channel capacity loss (CCL), multiplexing efficiency (ME) [50], and mean 

effective gain (MEG) [51].   The following subsections describe these parameters in detail. 

1.5.1 Envelope Correlation Coefficient 

ECC quantifies the degree of correlation or equivalently the degree of isolation between the 

radiation patterns of antenna elements in a MIMO system. It reflects how much the radiation 

pattern of one antenna affects the other when both operate simultaneously. 

ECC is calculated in Equation (1.16) using the far-field formula with cross-polarization 

discrimination (XPR) considered as 1 and uniform outdoor propagation environment.  

               𝐸𝐶𝐶 =
|∯𝐸1(𝜃,𝜙).𝐸2

∗(𝜃,𝜙)𝑑𝛺|2

( ∯|𝐸1(𝜃,𝜙)|2𝑑𝛺 )( ∯|𝐸2(𝜃,𝜙)|2𝑑𝛺 )
                                                            (1.16) 

      Here, 𝐸1(𝜃, 𝜙), 𝐸2(𝜃, 𝜙) are the 3D radiation fields of the MIMO antenna when port 1 and 

port 2 are excited, respectively, and Ω is the solid angle. 
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Although accurate, this method requires complete 3D radiation data, which can be 

cumbersome to obtain. Therefore, ECC is more commonly calculated using S-parameters. This 

approach requires only measured or simulated S-parameters. For practical applications, an ECC 

value below 0.1 is considered acceptable for wireless systems. 

1.5.2 Diversity Gain, Diversity Order, and Diversity Measure 

The diversity gain (DG) is calculated in Equation (1.17). For the highest ECC across both 

bands of operation, the calculated DG exceeds 9.99 dB. 

     𝐷𝐺 = 10√1 − |𝐸𝐶𝐶|2                                                    (1.17) 

The diversity performance of MIMO antennas, however, cannot be evaluated holistically 

using the terms ECC and DG. So, diversity order (DO) and diversity measure (DM), as 

suggested in Ref. [48], are often separately investigated using the antenna correlation 

coefficient (ACC) matrix. Their equations are depicted below: 

DO ≤ 𝐷𝑂𝑇𝑋
×  𝐷𝑂𝑅𝑋

=  rank(𝐴𝐶𝐶𝑇𝑋
) × rank(𝐴𝐶𝐶𝑅𝑋

)                         (1.18) 

DM =
𝑄2

∑ ∑ |𝐴𝐶𝐶𝑅𝑋
(𝑖,𝑗)|

2𝑄
𝑖=0

𝑄
𝑗=0

×
𝑃2

∑ ∑ |𝐴𝐶𝐶𝑇𝑋
(𝑖,𝑗)|

2𝑃
𝑖=0

𝑃
𝑗=0

                                 (1.19) 

where, rank(𝐴𝐶𝐶𝑇𝑋
) and rank(𝐴𝐶𝐶𝑅𝑋

) are the ranks of the respective transmitter and 

receiver ACC matrices. In case of single user (SU) MIMO implementation, 𝐴𝐶𝐶𝑇𝑋
=𝐴𝐶𝐶𝑅𝑋

. 

The rank of ACC matrix (a hermitian matrix of full rank) is two and thus, the diversity order is 

bounded by 4. In any single user (PQ) MIMO system with channels considered to be 

independent and identically Rayleigh distributed, the diversity measure can be derived through 

ACC matrices at transmitter and receiver, using Equation (1.19). The ACC matrix for 22 

MIMO antenna system is given by 

12

12

1
.

1

ACC
ACC

ACC

 
=  
 

                                                  (1.20) 

The magnitude of the ACC, in case of a two port MIMO antenna, is approximately equal to 

ECC, i.e. ACC(i,j) = ECC(i,j). Further, the percentage diversity gain reduction (PDGR) is 

calculated as: 

   𝑃𝐺𝐷𝑅 =
(𝐷𝑀−𝐷𝑂)

𝐷𝑂
∗ 100                                               (1.21) 

1.5.3 Total Active Reflection Coefficient 

https://ieeexplore.ieee.org/document/#deqn2
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Mutual coupling between neighboring antenna elements is a common concern in MIMO 

antenna systems, as it can impact both the operating efficiency and bandwidth when 

transmitting simultaneously. While S-parameters are often employed to predict system 

behavior, they may not provide entirely accurate results. To overcome this, TARC is often used 

as a performance metric. The perceived return loss of the MIMO antenna system is represented 

by TARC, which is the square root of the ratio of the entire reflected power to the entire incident 

power. 𝑇𝐴𝑅𝐶1,2,3 for a three port MIMO system can be calculated in Equation (1.22): 

𝑇𝐴𝑅𝐶1,2,3 = 
√|𝑆11+𝑆12𝑒𝑗𝜃1

+𝑆13𝑒𝑗𝜃2
|
2
+|𝑆21+𝑆22𝑒𝑗𝜃1

+𝑆23𝑒𝑗𝜃2
|
2
 +|𝑆31+𝑆32𝑒𝑗𝜃1

+𝑆33𝑒𝑗𝜃2
|
2
 

√2
           (1.22) 

Typically, a TARC value of less than -10 dB is necessary to achieve the desired accuracy. 

1.5.4 Channel Capacity Loss 

The correlation between the antennas in a MIMO configuration occurring due to their 

physical placement, mutual coupling, and polarization effect, leads to an ill-conditioned 

channel matrix (i.e. reduction in the rank of the matrix). This results in a decrease in the number 

of independent spatial streams that can be transmitted, which in turn reduces the channel 

capacity. The effect is known as correlation-induced channel capacity loss (CCL). An 

acceptable value for CCL is below 0.5 bits/s/Hz. For high SNR, it can be calculated as,  

𝐶𝐶𝐿ᵢⱼ =  −𝑙𝑜𝑔₂ 𝑑𝑒𝑡[𝛹ᵣ]  =  −𝑙𝑜𝑔₂ 𝑑𝑒𝑡( [ 𝛹ᵢᵢ   𝛹ᵢⱼ ;   𝛹ⱼᵢ   𝛹ⱼⱼ ] )                (1.23) 

where 𝛹ᵣ is called the correlation matrix between a pair of antennas in a MIMO system. The 

elements of the correlation matrix are calculated using S-Parameter values, where: 

𝛹ᵢᵢ =  1 −  ( |𝑆ᵢᵢ|2 + |𝑆ᵢⱼ|
2
) ,     𝛹ᵢⱼ =  − ( 𝑆ᵢᵢ ∗  𝑆ⱼᵢ +  𝑆ⱼᵢ ∗  𝑆ⱼⱼ )              (1.24) 

1.5.5 Multiplexing Efficiency 

Equation (1.25) can be used to compute the multiplexing efficiency (ME), a power-related 

parameter for high SNR scenario spatial multiplexing mode in 22 MIMO systems,  

( )2

1 21ME r = −                                                     (1.25) 

where, η1 and η2 are the efficiencies of port 1 and port 2, which are same in the present case 

and r is complex ECC. The desired value of ME should be close to 0 dB.  
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1.5.6 Mean Effective Gain 

Mean effective gain (MEG) is another significant parameter for diversity power analysis as it 

measures the relative mean power levels among the signals received from each antenna. For 

the ith Port of a 2 Port MIMO Antenna, MEG can be determined using Equation (1.26). For a 

good diversity performance, the ratio of MEG of the two ports (1 and 2) should fulfill the 

criteria as mentioned in Equation (1.27). 

𝑀𝐸𝐺𝑖 =  0.5 ∗ [1 − ∑ ‖𝑆𝑖𝑗‖
22

𝑗=1 ]                                (1.26) 

|
𝑀𝐸𝐺1

𝑀𝐸𝐺2
| <  ±3 𝑑𝐵                                                 (1.27) 

1.6 Literature Survey 

This thesis is dedicated to the systematic study and development of various mm-wave antenna 

configurations designed for both terrestrial networks (TN) and non-terrestrial networks (NTN). 

The initial sections focus on compact printed MIMO antennas for terrestrial 5G applications, 

encompassing several design approaches such as split ring resonator (SRR) and complementary 

split ring resonator (CSRR) loading, artificial magnetic conductor (AMC) integration, Fabry–

Perot cavity-based structures, and antennas exhibiting pattern and polarization diversity. 

Subsequently, the research extends toward the design of high-gain reflectarray antenna for 

NTN scenarios, targeting satellite and aerial communication platforms operating in the mm-

wave spectrum. A comprehensive literature review has been conducted across these domains 

to establish the current state of the art and identify the research gaps addressed in this work. 

 

1.6.1 Antennas for Millimeter-wave Terrestrial Network 

The rapid evolution of mm-wave communication technologies for 5G and beyond systems 

has driven significant research interest in the design of compact, high-performance MIMO 

antennas. Antennas operating in the mm-wave spectrum must satisfy stringent design 

constraints, including compact size, wide bandwidth, high gain, strong isolation, and low 

mutual coupling. However, as antenna elements in a MIMO are placed in close proximity to 

achieve compactness, mutual coupling tends to increase, thereby adversely affecting isolation 

and spatial correlation, which are critical to maintaining MIMO performance. Consequently, 
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numerous studies have explored diverse strategies to enhance gain, reduce coupling, and ensure 

reliable operation in both on-body and off-body communication scenarios. 

 

Figure 1.5: Millimeter-wave MIMO antennas using: (a) SRR-loaded printed monopoles for 

dual-band operation at 28 GHz and 38 GHz [53], (b) four-element MIMO antenna operating at 

35 GHz with high isolation and efficiency [54], and (c) Vivaldi MIMO antenna employing bi-

axial anisotropic metasurface loading for enhanced end-fire gain and pattern diversity [55]. 

Early work in mm-wave MIMO antenna design primarily focuses on compact planar 

geometries aimed at achieving miniaturization and enhanced isolation for 5G applications. In 

[52], a compact ultra-wideband (UWB) microstrip patch MIMO antenna operating between 

24.5–32.2 GHz is introduced; while the structure offers a reduced footprint, it exhibits a gradual 

decline in gain with increasing frequency, limiting its high-band performance. As shown in 

Figure 1.5(a) and described in [53], a four-element MIMO configuration employing SRR-

loaded printed monopoles is proposed to realize dual-band operation at 28 GHz and 38 GHz. 

The SRR loading effectively enables multiple resonances and improves impedance matching; 

however, the side-by-side element placement results in high mutual coupling, which degrades 

isolation and overall MIMO performance. As shown in Figure 1.5(b) and reported in [54], a 

compact hexagonal patch-based four-element MIMO antenna operating at 35 GHz is presented, 
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achieving excellent isolation (> 25 dB), low envelope correlation coefficient (ECC < 0.02), and 

high radiation efficiency (87%) within a very compact footprint of 12.5 mm × 12.5 mm × 0.8 

mm. Despite these merits, the design remains limited to single-band operation, lacking 

coverage of the widely adopted 28 GHz and 38 GHz 5G bands. Subsequently, as shown in 

Figure 1.5(c) and detailed in [55], a Vivaldi-based MIMO antenna incorporating a bi-axial 

anisotropic metasurface is presented to correct nonuniform aperture phase errors and enhance 

end-fire radiation. The proposed structure achieves 73% gain improvement at 28 GHz, 

maintains isolation above 15 dB, and exhibits ECC below 0.2, thereby demonstrating strong 

potential for mm-wave applications requiring both gain enhancement and pattern stability. 

For wearable and wireless body area network (WBAN) applications, antenna designs 

require not only high gain and wide bandwidth but also safety compliance to minimize EM 

exposure to human tissues. Microstrip antennas with partial or defected ground planes are 

widely used to enhance impedance bandwidth while maintaining a low profile and lightweight 

structure. However, such configurations often suffer from back radiation, which reduces gain 

and poses potential safety risks. Traditionally, metallic reflectors (PEC surfaces) placed at 

approximately 0.25λ₀ from the antenna are used to suppress this back-lobe radiation, but they 

significantly increase the overall profile without offering additional performance benefits. 

To overcome these limitations, AMC surfaces have emerged as an effective alternative, 

offering unidirectional radiation, gain enhancement, and compact integration. In [56], as shown 

in Figure 1.6(a), a V-shaped patch MIMO antenna backed by an AMC reflector achieves 

substantial gain improvement and a unidirectional beam, while a printed dipole antenna backed 

with a rhomboid AMC is proposed in [57] and depicted in Figure 1.6(b) for vehicular wireless 

communication. The geometry is analyzed both with and without the AMC structure, and a 

performance enhancement is observed in terms of a 42.3% reduction in size, an 8.4 dB gain 

improvement, and the realization of a unidirectional radiation pattern. Although these studies 

demonstrate effective back radiation suppression and improved safety performance, they 

primarily operate at sub-6 GHz frequencies with relatively narrow bandwidths and large 

geometries, leaving considerable scope for improvement in the mm-wave range. 
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Figure 1.6: Millimeter-wave MIMO antennas using: (a) split-ring resonator (SRR)-loaded 

printed monopoles for dual-band operation at 28 GHz and 38 GHz [56], (b) four-element 

MIMO antenna operating at 35 GHz with high isolation and efficiency [57], and (c) Vivaldi 

MIMO antenna employing bi-axial anisotropic metasurface loading for enhanced end-fire gain 

and pattern diversity [58]. 

Recent efforts extend AMC-backed and electromagnetic bandgap (EBG)-based antenna 

concepts to mm-wave frequencies. Notably, the inclusion of an AMC layer improves the gain 

by 1.9 dB and reduces backside radiation by 8 dB, while lowering the power density from 200 

W/m² to 10 W/m² in [58], as shown in Figure 1.6(c). However, the operational band remains 

comparatively narrow and centered around 24 GHz. Despite these advances, most designs lack 

MIMO configurations and omit on-body safety evaluations—an essential requirement for 

wearable applications. Consequently, the literature highlights a clear gap in compact mm-wave 

MIMO antenna designs that simultaneously achieve high gain, wideband performance, and 

safety compliance suitable for 5G WBAN systems. 

To enhance inter-element isolation in mm-wave MIMO systems, several decoupling 

strategies have been reported, including the use of sine corrugations [59], SRR-based 
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metasurfaces [60], parasitic elements [61], slow-wave structures [62], EBG geometries [63], 

and neutralization lines [64]. Although these methods effectively suppress surface-wave 

coupling and improve isolation, they typically increase structural complexity, fabrication 

difficulty, and overall footprint. Consequently, diversity-based approaches—encompassing 

spatial, frequency, polarization, and pattern diversity—have emerged as practical alternatives 

for achieving decorrelated radiation characteristics in compact multi-antenna systems. 

Antennas employing pattern diversity can efficiently capture signals from multiple 

directions, improving link reliability in multipath-rich environments. For instance, [65] 

demonstrates the use of in-phase and out-of-phase excitations to achieve pattern diversity in 

closely spaced elements, while [66], as shown in Figure 1.7(b), introduces a pattern-diversity-

based decoupling technique that manipulates the electrical lengths of radiators to tailor their 

radiation patterns and enhance isolation without additional decoupling networks. 

Similarly, the polarization diversity that utilizes orthogonal linear and circular polarizations 

(LP/CP) has been widely explored to overcome polarization mismatch, reduce correlation, and 

improve channel capacity. In [67], a dual-band MIMO antenna achieves complementary LP 

responses, while [68], as shown in Figure 1.7(a), presents a dielectric resonator-based circularly 

polarized MIMO antenna exhibiting polarization diversity and improved isolation through 

orthogonal feed excitation. 

Recent developments have extended these concepts into the mm-wave domain. For 

example, [69] and [70] explore polarization-agile configurations, whereas [71], as shown in 

Figure 1.7(c), demonstrates a series-slot-fed circularly polarized MIMO array providing CP 

diversity at 28 GHz for 5G indoor applications. Likewise, [72], as shown in Figure 1.7(d), 

reports a high-gain, highly isolated mm-wave diversity MIMO array that employs orthogonal 

element placement and a decoupling metallic strip to achieve strong isolation (> 40 dB). 

Despite these advancements, most designs emphasize either pattern diversity or polarization 

diversity independently. To date, no reported mm-wave MIMO antenna simultaneously 

integrates both pattern and polarization diversity within a single architecture—highlighting a 

key research gap addressed in this thesis. 
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Figure 1.7: Inter-element isolation and diversity enhancement in MIMO antennas using: (a) 

dielectric resonator-based circularly polarized MIMO antenna employing a defected ground 

structure (DGS) for polarization diversity and improved isolation [68], (b) Pattern-diversity-

based MIMO antenna employing electrical length modification of radiators to manipulate 

radiation patterns for improved isolation [66], (c) series-slot-fed circularly polarized MIMO 

array providing circular polarization diversity for 28 GHz 5G indoor applications [71], and (d) 

Millimetre-wave diversity MIMO array employing orthogonal element placement and 

decoupling techniques for 5G systems [72].  

Fabry–Perot (FP) cavity-based designs have gained significant attention for achieving high 

gain and directivity enhancement in mm-wave antennas. The idea, originally derived from the 

optical Fabry–Perot resonator introduced in the late 19th century, was first adapted to the 

microwave domain by Trentini in 1956 [73]. In his seminal work, Trentini demonstrated that 

placing a partially reflecting surface (PRS) above a radiating source, with a ground plane 

beneath, could form a resonant cavity that enhanced radiation directivity through multiple 

reflections and constructive interference. This early architecture—often referred to as a 
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resonant cavity antenna (RCA) or reflection (reflex) cavity antenna—featured a planar cavity 

bounded by a metallic ground plane and a PRS, excited by simple sources such as coaxial 

probes, microstrip patches, or ground slots. The vertical axis defined the broadside radiation 

direction, while the corresponding plane represented the antenna aperture at air–PRS interface. 

FPCAs offered a versatile and elegant solution to the long-standing challenge of realizing 

highly directive radiation with a low-profile structure. Their capacity to produce narrow pencil 

beams or conical scanned beams has led to widespread application in both terrestrial and 

satellite communication systems [74]. The high directivity of FPCA radiation can be explained 

using ray optics, as originally formulated by Trentini and later expanded in subsequent 

analytical studies [75, 76]. Alternative EM models were developed in the 1980s, such as the 

equivalent circuit approach proposed by Alexopoulos and Jackson [77, 78], which used 

network representations and the reciprocity theorem to relate cavity resonance to impedance 

and radiation behavior. A further refinement involved interpreting FPCAs as open waveguides 

supporting leaky modes, providing deeper insight into the mechanism of directive radiation 

and its frequency-dependent characteristics. 

With advances in printed-circuit technologies, FP cavity antennas evolved rapidly from 

bulky metallic reflectors to planar printed configurations in the late 20th and early 21st 

centuries. These printed FPCAs employed frequency-selective surfaces (FSS) and partially 

reflective surfaces (PRS) as controllable superstrates, enabling designers to tailor reflection 

phase and amplitude for bandwidth enhancement, beam shaping, and polarization control. The 

introduction of metasurface- and metamaterial-based PRS layers further expanded their design 

flexibility, allowing ultrathin, conformal, and broadband realizations compatible with modern 

high-frequency systems. 

At mm-wave frequencies, Fabry–Perot cavity antennas (FPCAs) have emerged as a 

promising class of high-gain, wideband, and low-profile radiators, offering an attractive 

solution for modern 5G and beyond wireless systems. The FPCA principle relies on forming a 

resonant cavity by positioning a PRS or metasurface at approximately half a wavelength above 

a primary radiator, allowing constructive interference between the direct and reflected waves 

to enhance directivity. A variety of PRS-based and metamaterial-assisted configurations have 

been reported in literature to improve gain, bandwidth, or/and polarization performance. In 

[79], as illustrated in Figure 1.8(a), a dual-layer FSS–based PRS integrated with a ridge-gap 

waveguide-fed slot antenna operating at 60 GHz achieved a 16.8 dBi gain and 12.5% 3-dB gain 

bandwidth through effective surface-wave suppression and controlled phase gradient. In [80], 
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as shown in Figure 1.8(b), a polarization-conversion metasurface (MS) superstrate was 

designed to realize dual circular polarizations, converting orthogonal linear polarizations into 

RHCP and LHCP waves using a compact single-layer structure with high reflectivity and a low 

profile. Similarly, Figure 1.8(c) presented a chessboard-arranged metamaterial superstrate 

(CAMS) that simultaneously enhanced gain and reduced radar cross section (RCS), achieving 

a 4.9 dB gain improvement at 10.8 GHz and up to 39.4 dB RCS reduction across 9.6–16.9 GHz 

[81]. Furthermore, [82] proposed a high-isolation Ku-band FP antenna array employing tandem 

circular parasitic patches (TCPPs) with a radial-gradient PRS and a double-dumbbell-shaped 

slot radiator, as presented in Figure 1.8(d), attaining a 21.6 dBi gain, 22.8% fractional 

bandwidth, and isolation greater than 40 dB. 

Beyond these, [83] reported a four-port FP-based antenna spanning 12.87–45.02 GHz, 

achieving ultra-wide bandwidth at the expense of higher RF front-end complexity and filtering 

requirements, while [84] employed a transmission-type FSS-printed superstrate to improve the 

MIMO isolation by 6–12 dB, though the gain improvement was limited to 1.5 dB with a 10° 

beam tilt. Despite the significant progress in FPCA development, most existing structures rely 

on thick, high-permittivity substrates and multilayer superstrates, increasing fabrication 

complexity, cost, and overall profile. Consequently, ongoing research continues to explore 

compact, and lightweight FP-based antenna architectures capable of maintaining high gain, 

wide bandwidth, and polarization agility for emerging mm-wave terrestrial and non-terrestrial 

network applications. 

Overall, the literature reveals a steady evolution of mm-wave antenna design from compact 

SRR/CSRR-loaded monopoles and AMC-backed structures to high-gain FP cavity-based and 

diversity-enabled MIMO configurations. Despite significant progress, major challenges 

persist—particularly in achieving wideband dual-frequency operation, compactness, low 

correlation, and polarization-pattern diversity simultaneously in the mm-wave range. These 

gaps form the central motivation for the terrestrial antenna developments presented in this 

thesis, which progressively advance from compact dual-band SRR/CSRR-based MIMO 

antennas to high-gain AMC/Fabry–Perot cavity and polarization-diverse architectures 

optimized for 5G mm-wave terrestrial networks. 
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Figure 1.8: Fabry–Perot cavity antennas using: (a) dual-layer printed FSS-based superstrate 

integrated with a ridge-gap waveguide-fed slot radiator [79], (b) polarization-conversion 

metasurface (MS) superstrate enabling dual circular polarization [80], (c) chessboard-arranged 

metamaterial superstrate (CAMS) for simultaneous gain enhancement and RCS reduction [81], 

and (d) high-isolation Ku-band antenna array employing tandem circular parasitic patches 

(TCPPs) with a radial-gradient partially reflective surface (PRS) [82]. 
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1.6.2 Antennas for Millimeter Wave Non-Terrestrial Network 

 

Figure 1.9: Beam-steerable reflectarray antennas using: (a) 2-bit 3D-printed reflectarray 

employing cylindrical rotation-based phase-tunable elements for mechanical beam scanning 

[86], (b) one-dimensional mechanically steerable reflectarray achieving ±70° scan coverage 

[87], (c) digital metasurface reflectarray with extreme offset illumination enabling rapid beam 

switching for satellite communication [88], and (d) wide-angle mechanically beam-scanning 

reflectarray utilizing multi-beam phase matching for enhanced scan performance [89].  

Reflectarray (RA) antennas have emerged as one of the most promising solutions for Non-

Terrestrial Network (NTN) platforms, owing to their unique ability to combine the high-gain 

characteristics of traditional parabolic reflectors with the compactness and integrability of 

planar arrays. In contrast to conventional dish antennas, which rely on mechanically curved 
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surfaces, a reflectarray employs a planar or quasi-planar surface populated with sub-

wavelength resonant elements, each introducing a controlled phase shift to the reflected EM 

wave. By tailoring the reflection phase across the array aperture, the reflected beam can be 

precisely directed toward a desired direction or focal point. This configuration provides several 

advantages, including lightweight construction, low profile, ease of fabrication, and 

conformability to curved or compact platforms, making it highly attractive for spaceborne, 

airborne, and high-altitude communication systems such as LEO and GEO satellites, high-

altitude platforms (HAPs), and unmanned aerial vehicles (UAVs) [85]. Reflectarrays can be 

broadly classified into two categories based on their beam-control mechanism: electronically 

reconfigurable reflectarrays (ERRAs) and mechanically steerable reflectarrays (MSRAs). 

Electronically reconfigurable designs employ active phase-tuning components such as p–i–

n diodes, varactor diodes, MEMS switches, or liquid crystals embedded within each unit cell 

to dynamically control the reflection phase. These configurations enable real-time beam 

steering without physically altering the antenna orientation, making them ideal for adaptive 

satellite communication and beam-tracking applications. However, at mm-wave frequencies, 

these components introduce significant insertion losses, nonlinear behavior, and thermal 

instability, all of which degrade overall aperture efficiency and reliability [90]. Moreover, such 

electronically controlled reflectarrays demand multilayer substrates to accommodate DC bias 

networks, shorting vias, and RF isolation layers, thereby increasing fabrication complexity and 

cost. This limits their scalability and practical use in large-aperture arrays intended for high-

power NTN missions. 

Despite these advancements, most mechanically reconfigurable reflectarrays still face 

several performance limitations. The achievable scan range is typically constrained by feed 

geometry and array aperture size; excessive feed displacement leads to gain degradation and 

increased phase errors across the aperture. Moreover, quantization loss—arising from the finite 

number of discrete phase states (often 1-, 2-, or 3-bit unit cells)—reduces aperture efficiency 

and elevates sidelobe levels, particularly in large-aperture or wide-scan systems. Furthermore, 

designs employing dielectric-based unit cells often suffer from narrow operational bandwidths, 

increased mutual coupling, and manufacturing tolerances that become critical at mm-wave 

frequencies. Collectively, these challenges limit their adaptability for next-generation NTN 

communication systems, which demand high gain, wide bandwidth, beam agility, and low-

profile integration. 
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Recent research has therefore shifted toward hybrid or intelligent reflectarray architectures 

that merge the advantages of mechanical robustness and electronic reconfigurability. Phase-

gradient metasurface reflectarrays and liquid-crystal-based tunable elements have shown 

potential for achieving wider scanning ranges with reduced loss and improved linearity [90]-

[91]. Additionally, 3-bit or higher quantized reflectarrays, as well as designs based on dielectric 

resonator and metallic ring elements, have been explored to enhance phase resolution and 

aperture efficiency without compromising manufacturability. Nevertheless, mechanical beam 

steering remains highly attractive for NTN deployment, especially in cost-sensitive, high-

frequency scenarios where low power consumption, structural simplicity, and environmental 

robustness are prioritized over ultra-fast beam agility. 

Thus, reflectarray antennas provide an efficient, compact, and scalable solution for non-

terrestrial 5G and beyond communication systems. Their inherent capability to deliver high 

gain, beam steering, and lightweight integration makes them ideal candidates for satellite and 

aerial communication payloads. However, achieving wideband, high-efficiency, and low-loss 

beam control at mm-wave frequencies continues to pose significant challenges—particularly 

due to quantization losses, fabrication tolerances, and limited scan dynamics. Addressing these 

issues through 3-bit or above phase quantization, low-loss unit cell design, and mechanically 

reconfigurable architectures represents a key research direction, forming the foundation of the 

present work on Ka-band beam-switchable reflectarray antennas for NTN applications. 

1.7 Motivation 

The current research landscape thus reveals several unresolved challenges: 

1. Achieving wideband, dual-band, or multiband operation in compact mm-wave MIMO 

antennas without sacrificing gain or isolation. 

2. Realizing simultaneous polarization and pattern diversity to ensure robust performance 

in multipath and dynamic propagation environments. 

3. Developing high-gain, beam-steerable antennas that can bridge terrestrial and non-

terrestrial domains, enabling seamless integration within emerging 5G frameworks. 

Motivated by these critical gaps, this thesis seeks to develop a progressive antenna design 

framework that evolves from compact dual-band MIMO systems for terrestrial 5G 

communication to wideband high-gain reflectarray antennas suitable for NTN deployment. 

Each successive design builds upon the limitations of the preceding work—progressing from 

SRR/CSRR-loaded compact antennas to AMC-backed and FP-cavity high-gain configurations, 
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and culminating in a 3-bit quantized beam-steerable reflectarray optimized for Ka-band NTN 

applications. This systematic progression not only demonstrates technological innovation but 

also aligns with the overarching goal of creating a unified antenna architecture capable of 

addressing the connectivity demands of both terrestrial and non-terrestrial communication 

networks in the forthcoming B5G and 6G eras. 

1.8 Objective of Thesis 

This thesis aims to address the limitations identified in the existing literature by 

systematically developing a sequence of mm-wave antenna architectures that evolve from 

compact terrestrial MIMO systems to high-gain reflectarray antenna for NTN applications. The 

emphasis is placed on achieving compactness, high isolation, wide bandwidth, 

dual/polarization diversity, and beam-steering capability across successive antenna designs. 

Accordingly, the detailed objectives of this thesis are as follows: 

1. To design and analyze dual band mm wave MIMO antennas employing SRR and CSRR 

geometries to achieve compactness, dual-band operation (28 GHz and 38 GHz), and 

low envelope correlation coefficient (ECC). The focus is on enhancing inter-element 

isolation and radiation characteristics suitable for 5G terrestrial communication. 

2. To design and investigate AMC backed MIMO antennas for WBAN operating in the 

mm-wave band. The objective is to improve antenna gain and front-to-back ratio while 

ensuring radiation safety and compact form factor without compromising efficiency. 

3. To develop a high-gain dual-band CSRR-loaded MIMO antenna array optimized for 28 

GHz and 38 GHz applications, emphasizing improved aperture efficiency and reduced 

mutual coupling. The goal is to enhance broadside radiation and minimize performance 

degradation due to mutual coupling. 

4. To design and realize Fabry Perot cavity backed MIMO antennas that leverage the PRS 

for directivity and aperture efficiency enhancement. The focus is on achieving wide 

impedance bandwidth, high gain, and low-profile configurations suitable for compact 

mm-wave 5G front-ends. 

5. To propose and demonstrate a five-port MIMO antenna system integrating polarization 

and pattern diversity, enabling simultaneous transmission of Right-Hand Circularly 

Polarized (RHCP), Left-Hand Circularly Polarized (LHCP), and Linearly Polarized 

(LP) waves. This design aims to enhance link reliability and multipath resilience in 

dynamic 5G terrestrial environments. 
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6. To design and implement a 3-bit quantized beam-steerable reflectarray antenna 

operating in the Ka-band (26.5–40 GHz) for NTN such as LEO/GEO satellites, HAPs, 

and UAVs. The objective is to achieve high gain, wideband performance, and low-

profile beam steering using a mechanically reconfigurable architecture, offering a low-

cost and energy-efficient alternative to active phased arrays. 

Collectively, these objectives aim to establish a unified antenna design framework that 

bridges terrestrial and non-terrestrial communication domains, contributing to the realization 

of 5G/6G wireless ecosystems with compact, high-performance, and scalable antenna 

technologies. 

 

Figure 1.10: Research methodology flow diagram. 

1.9 Methodology 

The overall methodology adopted in this thesis for the systematic design, simulation, 

fabrication, and validation of various mm-wave antennas is illustrated in Figure 1.10. Each 

stage is designed to ensure a rigorous and iterative workflow that bridges theoretical design 

concepts with practical implementation for both terrestrial and non-terrestrial 5G 

communication applications. The steps are outlined below: 

1. Comprehensive Literature Review: A detailed review of existing works was undertaken 

to establish a strong foundation for the research. The review focused on mm-wave 
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antennas—including MIMO, Fabry–Perot cavity, AMC-backed, and Reflectarray 

architectures—to understand their evolution, identify design trends, and recognize 

performance limitations related to gain, bandwidth, isolation, and reconfigurability. 

This step helped formulate the research problem and define the thesis objectives. 

2. Definition of Design Requirements: Based on the research objectives, the key design 

specifications such as operating frequency bands (28 GHz and 38 GHz), polarization 

characteristics (linear and circular), gain, radiation pattern, and bandwidth requirements 

were clearly outlined. The performance targets were set in alignment with the demands 

of 5G terrestrial and NTN satellite communication systems. 

3. Antenna Topology Selection: Various antenna configurations were studied to 

determine suitable geometries for achieving the desired performance metrics. Designs 

such as SRR/CSRR-loaded MIMO antennas, AMC-backed structures, FP cavity 

antennas, and 3-bit quantized Reflectarray geometries were evaluated. Each topology 

was selected based on factors including compactness, isolation, gain enhancement, and 

fabrication simplicity, ensuring progressive development through each work. 

4. Material Selection: Appropriate substrate materials such as Rogers RT/Duroid, FR4, 

Polylactic acid (PLA), etc. were chosen depending on the targeted frequency band, 

dielectric constant, loss tangent, and fabrication feasibility. Material properties and 

mechanical stability were carefully analyzed to ensure optimal performance across mm-

wave frequencies. 

5. Simulation and Optimization: The antenna structures were designed and analyzed using 

a full-wave EM simulator ANSYS HFSS 2020/2025. Parametric sweeps were 

conducted to optimize impedance matching, S-parameters, gain, efficiency, and 

radiation patterns. The performance characteristics were also evaluated for MIMO 

configurations. In the case of the Reflectarray design, unit-cell phase response, 

quantization characteristics, and beam-steering behaviour were optimized using full-

wave simulations. 

6. Prototyping and Fabrication: Optimized antenna prototypes were fabricated using the 

LPKF ProtoMat S104 PCB prototyping system. The fabrication process involved 

copper etching, substrate drilling, and via metallization using the plated-through-hole 

(PTH) technique to realize vertical interconnections and ensure structural stability at 

mm-wave frequencies. The horn antenna of Reflectarray prototype was fabricated using 

a precision 3D printing process. 
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7. Measurement and Testing: Fabricated prototypes were experimentally characterized in 

a standard anechoic chamber. The key antenna parameters—including S-parameters, 

gain, efficiency, radiation pattern, and axial ratio (for CP antennas) — were measured 

using a vector network analyzer (VNA) and standard gain horn antennas. 

8. Design Validation and Iterative Optimization: The experimental results were compared 

with simulated data to ensure consistency and validate design accuracy. Discrepancies 

arising from fabrication tolerances or substrate losses were iteratively compensated 

through fine-tuning of design parameters, followed by re-simulation and, where 

necessary, prototype re-fabrication. 

9. Documentation and Reporting: The entire research process—from conceptualization 

and simulation through fabrication, testing, and optimization—was comprehensively 

documented. Results from each stage, along with performance comparisons, were 

analyzed to derive insights for subsequent designs. The validated findings are presented 

in the subsequent chapters of this thesis, highlighting the progressive improvement 

achieved in performance metrics across successive antenna generations. 

1.10 Thesis Overview 

This thesis consists of eight chapters. A brief overview of each chapter is presented below: 

In Chapter 1, an introduction to the fundamentals of antennas, mm-wave communication, 

and the evolution toward integrated terrestrial and non-terrestrial networks is presented. The 

chapter begins with the importance of MIMO technology, followed by an overview of key 

antenna design challenges such as compactness, gain, bandwidth, and isolation at mm-wave 

frequencies. A comprehensive literature review of state-of-the-art mm-wave MIMO, AMC-

backed, Fabry–Perot cavity, and reflectarray antennas is provided to highlight existing research 

gaps. The chapter concludes with the motivation, objectives, methodology, and overall 

framework of the research. 

In Chapter 2, a compact dual-band SRR-loaded printed monopole MIMO antenna is 

designed for 28 GHz and 38 GHz 5G applications. The design is developed in two stages—

first, a single SRR-loaded monopole achieving dual-band operation with broadside radiation, 

and second, its extension to a two-port MIMO configuration with improved isolation and low 

envelope correlation. Simulated and measured results are compared to validate performance, 

demonstrating suitability for mm-wave terrestrial communication systems. 
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In Chapter 3, an AMC-backed four-port MIMO antenna is designed for wearable WBAN 

applications operating at 28 GHz. The work builds on the SRR-loaded design to address on-

body radiation safety by integrating an AMC layer beneath the antenna. The AMC suppresses 

back radiation, enhances gain, and improves inter-element isolation. Simulated and measured 

results confirm enhanced performance and reduced power density, validating its suitability for 

safe, high-performance body-centric communication. 

In Chapter 4, a dual-band CSRR-loaded high-gain two-port MIMO antenna array is 

presented for 28 GHz and 38 GHz operation. The design employs multiple CSRRs and a T-

junction feed network to achieve compactness and dual-band operation while maintaining 

broadside radiation and high isolation. The antenna achieves over 10 dBi gain and high 

efficiency across both bands, offering improved bandwidth and radiation performance 

compared to AMC-backed systems. 

In Chapter 5, a Fabry–Perot cavity-backed MIMO antenna is proposed to achieve high 

gain, broad bandwidth, and improved aperture efficiency at 28 GHz. The antenna utilizes three 

types of superstrate layers—unprinted dielectric, single-side printed PRS, and double-side 

printed PRS—placed at approximately half-wavelength height above the feed antenna. 

Constructive interference within the FP cavity results in a significant gain enhancement (up to 

12.74 dBi) and over 90% aperture efficiency. The design demonstrates the effectiveness of FP 

cavities in achieving high-gain mm-wave MIMO antenna with low profile and high radiation 

stability. 

In Chapter 6, a five-port hybrid MIMO antenna is introduced, incorporating polarization 

and pattern diversity for enhanced link reliability under multipath fading. The design combines 

three circularly polarized (RHCP/LHCP) and two linearly polarized (LP) ports arranged 

orthogonally to provide both broadside and end-fire radiation. The antenna achieves high 

isolation (22–61 dB), excellent efficiency (up to 97%), and gain exceeding 9 dBi, providing 

robust spatial and polarization diversity. This design marks a significant step toward practical 

high-capacity mm-wave MIMO systems. 

In Chapter 7, a wideband, high-gain 3-bit quantized reflectarray antenna is designed for 

Ka-band NTN applications, including LEO/GEO satellites, HAPs, and UAVs. The planar 

reflectarray consists of 31 × 31 metallic square-ring unit cells providing a 360° reflection phase 

range with low loss (< 0.8 dB). The antenna achieves mechanical beam steering up to ±20°, a 

peak gain of 27.8 dBi, and 56.1% aperture efficiency. This work bridges terrestrial and non-
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terrestrial communication domains, offering a low-cost, high-efficiency alternative to active 

phased arrays for future 5G/6G NTN systems. 

Finally, Chapter 8 presents the conclusions and future scope derived from the entire 

research work. The major findings from each chapter are summarized, emphasizing the 

progressive enhancement achieved across the six antenna designs—from compact MIMO 

architectures to beam-steerable reflectarrays. The chapter concludes by outlining possible 

future directions, including the development of electronically reconfigurable reflectarrays, 

integration with intelligent metasurfaces, hybrid beamforming arrays, and adaptive antenna 

front-ends tailored for next-generation 6G and non-terrestrial network communication 

platforms. 

*** 
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Chapter 2 

Dual-Band SRR-Loaded Printed Monopole MIMO 

Antenna 

In recent years, the growing demand for compact, high-performance antennas tailored for 

mm-wave 5G and beyond communication systems has intensified research on wideband and 

multiband printed antenna designs. Among these, printed monopole configurations have 

emerged as a preferred choice owing to their inherently low profile, lightweight structure, ease 

of fabrication, and straightforward impedance matching. Their high radiation efficiency and 

mechanical robustness make them suitable for integration into handheld and portable devices, 

where space constraints and form-factor compatibility are critical design considerations. 

Achieving dual-band operation within a compact structure typically requires the 

incorporation of resonant elements or defected ground modifications to generate multiple 

resonances without enlarging the primary radiator. Techniques such as slot etching, 

metamaterial loading, and split-ring resonator (SRR) inclusion have proven effective in 

controlling surface current distribution and achieving miniaturization [91–92]. 

This chapter presents the design, analysis, fabrication, and experimental demonstration of a 

dual-band SRR-loaded printed monopole MIMO antenna operating at 28 GHz and 38 GHz, 

optimized for 5G communication systems. The proposed configuration combines the benefits 

of SRR loading and an annular slot defected ground structure to achieve dual-band resonance, 

high isolation, and stable broadside radiation patterns within a compact form factor. Simulation 

and measurement results validate the design, confirming its potential for next-generation mm-

wave MIMO communication systems. 

2.1 Antenna Design Methodology 

2.1.1 Single Antenna Design 

The schematic of the proposed single antenna design is illustrated in Figure 2.1. It consists 

of a printed monopole element along with one SRR geometry patterned on the top side of a 

dielectric substrate, whereas the bottom side contains a defected ground plane along with an 

annular slot. Rogers RO 4003(TM) substrate has been used as the constituent dielectric, which 

has the following properties: relative permittivity of 3.55 and loss tangent of 0.0027. The 
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thickness of the substrate is taken as 0.3 mm. The overall dimensions of the proposed geometry 

are 15 mm  15 mm. Other physical dimensions are mentioned in Figure 2.1. 

 

Figure 2.1: Schematic diagram of the proposed dual-band single antenna. The dimensions are: 

L= 15, lf = 6.8, wf = 0.7, r1= 1.0, r2= 1.3, l1 = 1.74, d = 0.2, c = 0.2, and g = 0.2 (units: mm). 

The proposed antenna geometry is numerically designed and analyzed using ANSYS HFSS 

2020, with a detailed step-by-step optimization process to achieve dual-band operation and 

compact integration. To realize independent control of two distinct resonant bands within a 

single structure, the antenna configuration employs two radiating elements excited through a 

single feed line. As illustrated in Figure 2.2, a printed monopole radiator is placed on the top 

surface to function as the primary feed element, while an annular slot is etched on the bottom 

surface of the substrate to enhance the radiation performance. 

In the initial design stage, the monopole and annular slot combination produces a –10 dB 

impedance bandwidth of 3.0 GHz (28.20–31.20 GHz), with a minimum reflection coefficient 

(S11) of –24.94 dB at 29.70 GHz, indicating excellent impedance matching. The monopole 

primarily excites the fundamental resonance around 28 GHz, while the annular slot contributes 

to resonance stabilization and minor frequency tuning through its capacitive coupling effect. 

To introduce an additional resonance without disturbing the primary mode, an SRR is 

integrated adjacent to the monopole radiator on the top layer of the substrate. The SRR operates 

as an inductive–capacitive (LC) resonator, where the circulating currents along the metallic 

rings and capacitive gap collectively generate a second resonant mode. The dimensions and 

placement of the SRR are optimized to achieve strong EM coupling with the monopole while 

maintaining adequate spatial separation to minimize interference between the two resonant 

modes. Through careful tuning of the SRR parameters, the final geometry achieves dual-band 

operation, exhibiting two well-defined resonances at 29.20 GHz (S11 = –21.21 dB) and 37.90 
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GHz (S11= –13.70 dB). The lower band corresponds to the monopole–slot resonance, while the 

upper band originates from the SRR excitation. 

 

Figure 2.2: Comparison of simulated reflection coefficient (S11) of the proposed single-band 

antenna design with and without the SRR geometry. 

 

Figure 2.3: Simulated 3D far field gain pattern of the proposed single-band antenna at (a) 29.20 

GHz, and (b) 37.90 GHz. 

The simulated 3D far-field gain patterns for the proposed single antenna are shown in Figures 

2.3(a) and 2.3(b) for 29.20 GHz and 37.90 GHz, respectively. It can be observed that the peak 

gains of 6.21 dBi and 6.49 dBi are obtained at these two frequencies, respectively. It is also 

evident that the antenna is radiating in broadside direction at both the frequencies. 

2.1.2 Two-Port MIMO Antenna Design  

After presenting the single-band antenna design, the two-port MIMO antenna geometry is 

depicted in Figure 2.4, where the elements are placed side by side. The geometric dimensions 

and the substrate properties remain same, whereas the separation between the elements (d) is 

considered as 15 mm, based on the optimized responses.  
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Figure 2.4: Geometry of the proposed 1  2 MIMO antenna with d = 15 mm. 

 

Figure 2.5: S-parameter plot for the proposed 2-port MIMO antenna. 

The simulated scattering parameters for the proposed 2-element (1  2) MIMO antenna is 

depicted in Figure 2.5. It is observed that the reflection coefficient of the individual antennas 

remain constant as that of the single antenna, whereas the isolation between the antennas are 

below -30 dB throughout the operating range. Owing to the symmetry between the antennas, 

scattering parameters from one set of antennas (antenna # 1) are presented. If the separation is 

increased further, the isolation will further be improved, but at the expense of a larger antenna 

footprint. Thus, the separation is maintained at an optimum value of 15 mm. 

2.2 Fabrication and Measurement 

To validate the proposed antennas, sample prototypes of both single element and MIMO 

have been fabricated on a 0.3 mm thick RO4003(TM) substrate using LPKF Protomat S104 

equipment. Figure 2.6 depicts the photograph of the fabricated single element. The reflection 

coefficient of the geometry has been measured and it is observed in Figure 2.7 that the lower 

band (around 28 GHz) operates from 26.2 GHz to 28.3 GHz with S11 below -10 dB, whereas 

the upper band (around 38 GHz) has a -10 dB bandwidth from 35.6 GHz to 39.37 GHz. 
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Figure 2.6: Photograph of the fabricated single antenna: (a) top layer, and (b) bottom layer. 

 

Figure 2.7: Simulated and measured S11 response of the proposed single antenna. 

After fabricating the single antenna element, the proposed 1 × 2 MIMO antenna has also 

been fabricated using LPKF Protomat S104 equipment and the photograph is depicted in Figure 

2.8. The reflection and transmission characteristics of the antenna are experimentally measured 

using a Vector Network Analyzer (VNA) to validate the simulated performance. 

As illustrated in Figure 2.9, the measured S11 demonstrates two well-defined impedance 

bands. The first band spans from 27.46 GHz to 30.33 GHz, corresponding to the lower 28 GHz 

5G band, while the second band extends from 37.10 GHz to 38.10 GHz, corresponding to the 

upper 38 GHz band. In both cases, the S11 values remain below –10 dB, confirming satisfactory 

impedance matching across the operating frequencies. The transmission coefficient (S21) 

between the two antenna elements remains consistently below –28 dB throughout the entire 

frequency range, indicating excellent inter-element isolation and minimal mutual coupling. 
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Such high isolation ensures independent operation of the antenna elements, which is critical 

for maintaining low envelope correlation and reliable MIMO performance. 

 

Figure 2.8: Photograph of the fabricated 1  2 MIMO antenna: (a) top layer, and (b) bottom 

layer. 

 

Figure 2.9: Simulated and measured scattering parameter responses (S11, S21) of the proposed 1 

 2 MIMO antenna.  

2.3 Evaluation of MIMO Performance Metrics 

Once the scattering coefficients are determined, several important parameters for validating 

the MIMO antenna performance have been investigated. The parameters are determined from 

conventional equations. The ECC, which is a measure of correlation or isolation between the 

radiation patterns of the proposed MIMO antenna, has been achieved well below the desired 

limit at both the operating frequencies (around 28 GHz and 38 GHz), as shown in Figure 

2.10(a). The TARC, which is the ratio of total reflected power to the total incident power, is 

obtained within the desired value, as depicted in Figure 2.10(b). The CCL is related to the rate 

of information that can be reliably transmitted over the communication channel and its desired 
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value (which should be less than 0.5 bits/seconds/Hertz) is obtained in the proposed MIMO 

antenna. The response is depicted in Figure 2.10(c). All the parameters are determined from 

simulated as well as measured S-parameters, and they have a close similarity around the 

operating frequencies (28 GHz and 38 GHz). 

 

Figure 2.10: Simulated and measured parameters of the proposed 1 × 2 MIMO antenna: (a) 

ECC, (b) TARC, and (c) CCL. 

2.4 Conclusion 

Table 2.1: Comparison with earlier reported single-layer dual band 28/38 GHz antennas 

References 
No. of 

element 

Antenna dimension 

(mm  mm  mm) 

Frequency 

band (GHz) 
Gain (dBi) 

[54] 4 12.5 × 12.5 × 0.8 35 6.00 

[93] 4 11 × 8 × 0.787 28, 38 4.85, 6.00 

[94] 1 1.3 × 1.3 × 1.1 28, 38 3.75, 5.06 

[95] 4 19.25 × 26 × 0.79 28, 38 7.58, 5.72 

[96] 2 55 ×110 × 0.508 28, 38 7.88, 9.49 

Proposed 

MIMO 
2 30  15  0.3 28, 38 6.21, 6.49 

 

In this chapter, a dual-band single antenna as well as its MIMO configuration have been 

presented for mm-wave 5G applications. The proposed topology exploits planar monopole 

element along with a simple SRR and a defected ground plane for realizing two discrete 

resonances at around 28 GHz and 38 GHz. A broadside radiation response is observed with a 
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gain value of 6.21 dBi and 6.49 dBi at these two frequencies, respectively. Both single element 

and MIMO configurations have small profiles, thereby resulting compact geometries. Several 

MIMO antenna characteristics, such as ECC, TARC, and CCL are examined and all of their 

values are found within the acceptable range. Further, the geometries are fabricated and the 

measured responses are in reasonable agreement with those of the simulated results. A 

comparative performance analysis between the proposed antenna and existing mm-wave 

antennas is summarized in Table 2.1, and the proposed geometry exhibits higher gain and 

smaller size compared to reported works, while maintaining dual-band operation and strong 

isolation. In future, the proposed concept will be expanded for higher order MIMO antennas 

along with its possible deployment in 5G and future wireless communication systems.  

 

 

*** 
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Chapter 3 

AMC-Backed MIMO Antenna for Wearable WBAN 

Applications 

With the rapid advancement of wearable and body-centric communication technologies, 

wireless body area networks (WBANs) have emerged as a key enabler of next-generation 5G 

and beyond systems. These networks support diverse applications ranging from remote 

healthcare monitoring and rehabilitation to military tracking and sports analytics, requiring 

antennas that are compact, efficient, and electromagnetically safe when integrated onto or near 

the human body. 

At mm-wave frequencies, particularly around 28 GHz, antennas experience significant free-

space path loss and tissue absorption, which can degrade signal strength and pose potential 

safety concerns. In addition, the close proximity between radiating elements in compact MIMO 

systems leads to mutual coupling, thereby reducing isolation, altering radiation characteristics, 

and impacting overall system capacity. These challenges necessitate antenna architectures that 

can simultaneously achieve high gain, low mutual coupling, and suppressed backward radiation 

toward the body. 

Building upon the dual-band SRR-loaded antenna presented in Chapter 2, this work 

introduces a four-port MIMO antenna integrated with a broadband artificial magnetic 

conductor (AMC) layer designed specifically for wearable mm-wave WBAN applications. The 

AMC surface is engineered to exhibit an in-phase reflection response around 28 GHz, resulting 

in enhanced forward gain, reduced power density toward the body, and improved isolation 

among antenna elements. 

The proposed AMC-backed four-port MIMO antenna offers multiple performance 

advantages for wearable mm-wave WBAN applications. It achieves high-gain unidirectional 

radiation while maintaining a compact and low-profile structure suitable for on-body 

integration. The incorporated AMC layer effectively suppresses surface currents and backward 

radiation, thereby reducing EM exposure to human tissues and enhancing radiation safety. 

Moreover, due to orthogonal arrangement the four-port MIMO configuration ensures strong 

spatial diversity and excellent isolation, with inter-element coupling levels better than –28 dB, 

enabling robust and reliable performance in multipath-rich communication environments. 
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3.1 AMC-Backed MIMO Antenna Design 

3.1.1 Design of Single Antenna and Four-port MIMO 

 

Figure 3.1:  (a) Geometry and fabricated prototype (top and bottom layer) of the proposed 

single antenna. The optimized dimensions are: L=W= 15, r1 = 1.08, r2 = 1.38, wf = 0.7, lf = 

6.6, ls = 7.5 (units: mm). (b) Simulated and measured reflection coefficient (S11) response of 

the proposed single antenna. (c) Geometry of the proposed four-port MIMO antenna with 

dimension: sep = 6.1, Lmimo = 15, Wmimo = 33.2 (units: mm). (d) Fabricated prototype (top and 

bottom layer) of the proposed MIMO antenna. (e) Simulated and measured reflection 

coefficient of the proposed MIMO antenna without AMC. (f) Simulated and measured isolation 

of the proposed MIMO antenna without AMC. 

The schematic of the proposed single antenna design is illustrated in Figure. 3.1(a). The 

geometry is based on a single-layer dielectric substrate, where a printed monopole is patterned 

on the top side of the substrate and an annular slot is engraved on the ground plane. Rogers RO 
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4003(TM) is used as the constituent substrate with a thickness of 0.3 mm and a relative 

permittivity (εr) of 3.55 and loss tangent (tan δ) of 0.0027. The dimensions are provided in the 

caption of Figure 3.1. The monopole length is optimized to resonate the antenna at 28 GHz 

band, whereas the annular slot improves the overall impedance bandwidth. The simulated result 

shows a -10 dB impedance bandwidth from 27.2 to 29.6 GHz with a maximum peak gain of 

4.5 dBi at 28 GHz. The fabricated antenna prototype is also depicted in Figure 3.1(a). The 

simulated and measured reflection coefficient (S11) responses of the proposed antenna are 

presented in Figure 3.1(b), indicating a good resemblance between them.  

Next, a four-port MIMO antenna is designed, as shown in Figure 3.1(c), where the radiating 

elements are arranged orthogonally with a slight offset to minimize the overall footprint. The 

geometric parameters and substrate characteristics remain identical to those used in the single-

element antenna, while the inter-element spacing (sep) is optimized to 6.1 mm for achieving 

the best MIMO performance. The top and bottom views of the fabricated MIMO antenna 

prototype are presented in Figure 3.1(d). 

The simulated and measured reflection coefficient of four port MIMO antenna are shown in 

Figures 3.1(e). It can be observed that for ports 1 and 3, the reflection coefficient responses are 

slightly shifted away from 28 GHz, probably due to high coupling between those two ports. 

The measured -10 dB impedance bandwidth for both ports 1 and 3 is found to be 3.10 GHz 

(26.82-29.92 GHz), whereas the bandwidth is recorded slightly larger 4.70 GHz for ports 2 and 

4. Figure 3.1(f) depicts the isolation response between the ports, and it is found above 15 dB 

for all cases. The measured responses overall match the simulated results, however, minor non-

conformity is observed which can be accounted to fabrication tolerance, as a slight variation of 

0.1 mm during fabrication can result in shift of resonance and impedance bandwidth.  

3.1.2 MIMO Antenna Backed with Wideband AMC 

An artificial magnetic conductor (AMC) is a periodic structure made from unit cell patterns 

providing a high impedance surface (HIS) along with a 0o reflection phase at the resonance 

frequency [97], [98]. The unit cell geometry is generally made from a combination of inductive 

and capacitive elements to exhibit resonance. The incoming EM wave gets reflected from the 

AMC surface at the resonance, without any phase addition, unlike in the PEC case. This 

reflected wave, while properly transmitted in the desired direction, can constructively interfere 

with the radiating beam and can contribute in increasing the gain of the antenna along with a 
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unidirectional radiation pattern. The AMC used in this work has been designed to exhibit a 

wideband operation in line with the proposed mm-wave antenna. 

The unit cell of the proposed AMC is made of a single layer dielectric of Rogers RO 4003 

(TM) substrate of thickness 0.3 mm, whose top side has a metallic square patch and the bottom 

side has a full ground. The unit cell geometry, its periodic boundary set up, its equivalent 

circuit, and the overall AMC surface (comprising 107 unit cells) are presented in Figure. 

3.2(a). In the equivalent circuit diagram, Lse represents the inductance due to the square patch, 

Cse represents the capacitance due to the spacing between the adjacent patches, Lsh and Csh are 

the shunt inductance and shunt capacitance between the square-shaped patch and the ground 

plane, respectively. These distributed reactive parameters overall regulate the resonance 

frequency as well as reflection phase of the AMC array. It can be observed from Figure 3.2(b) 

that the reflection phase of the AMC unit cell crosses the 0o level at 28 GHz. While considering 

the phase range from -90o to +90o, a wide bandwidth is thus obtained around 28 GHz which 

will be used in improving the antenna performance. 

The designed four-port MIMO antenna is placed above the AMC array as shown in Figure 

3.2(c) with a 3.4 mm separation (which corresponds to 0.31λo, λo being the wavelength at the 

operating frequency) between them. The separation is selected such that the mm-wave 

connector of the antenna can be accommodated in the space between the antenna and the AMC. 

The array size (107 unit cells) is chosen in such away so as to completely cover the four-port 

MIMO antenna geometry. The simulated and measured reflection coefficients of MIMO 

antenna with AMC are presented in Figure 3.2(d).  It is observed that the port 2 and port 4 of 

the MIMO antenna with AMC exhibit a measured -10 dB impedance bandwidth of 5.35 GHz 

(25.6–30.95 GHz), which is an improvement of 0.65 GHz with respect to that of the antenna 

without AMC. For port 1 and port 3, an improvement in the measured impedance bandwidth 

is also observed. The return losses obtained for port 1 and port 3 are around 50 dB at 28.8 GHz, 

which is a major improvement of around 18 dB while compared with the antenna without 

AMC. Further, as shown in Figure 3.2(e), the use of AMC improves the isolation at all four 

ports at 28 GHz as compared to their counterparts without the AMC case. The plots 

demonstrate good conformity between the measured and simulated results. 
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Figure 3.2: (a) The unit cell geometry of the proposed AMC with the dimensions: a = 2.6, b=5 

(units: mm), periodic boundary set up for simulation, equivalent circuit and geometry of the 

AMC array (10×7 unit cells). (b) Simulated reflection phase characteristics of the AMC unit 

cell. (c) Fabricated prototype of the proposed AMC array (10 × 7) and 4 port MIMO antenna 

placed on top of AMC at the separation of 3.4 mm. (d) Simulated and measured reflection 

coefficient of the proposed MIMO antenna with AMC. (e) Simulated and measured Isolation 

of the proposed MIMO antenna with AMC. 
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Figure 3.3. (a) Simulated and measured gain for MIMO antenna (without and with AMC), (b) 

simulated radiation efficiency for MIMO antenna (without and with AMC). Simulated 2D 

radiation pattern of MIMO antenna at 28 GHz: (c) E-Plane (without AMC), (d) H-Plane 

(without AMC), (e) E-Plane (with AMC), (f) H-Plane (with AMC). 
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3.2 Results and Discussion 

3.2.1 Gain and Radiation Pattern 

The simulated as well as measured gain plot for the proposed antenna (with and without 

AMC) are shown in Figure 3.3(a). It is observed that the simulated gain of the antenna with 

AMC is 9.25 dBi at 28 GHz, which is a significant improvement of 4.25 dBi with respect to 

the antenna without AMC. The measured gain is shown to follow the simulated gain curve at 

the operating bandwidth, however, it reduces away from the frequency. Figure 3.3(b) presents 

the simulated radiation efficiency of the proposed antenna, with and without AMC. It is shown 

that radiation efficiency of the antenna marginally reduces after introduction of the AMC in 

the operating frequency band.  

The simulated 2D radiation patterns of the proposed MIMO antenna (without and with 

AMC) in two orthogonal planes (E and H planes) are depicted in Figures 3.3(c)-3.3(f), showing 

the radiation taking place in the broadside direction. With the introduction of the AMC 

structure, the radiation pattern of the designed antenna becomes unidirectional as it acts as a 

reflector to the main radiator. 

3.2.2 MIMO Parameters 

Several important parameters, like envelope correlation constant (ECC), total active 

reflection constant (TARC), channel capacity loss (CCL), and diversity gain (DG) have been 

examined for confirming the MIMO antenna (with and without AMC) performance. The ECC 

has been achieved well below the desired limit of less than 0.1 at the operating frequency (i.e. 

around 28 GHz), as shown in Figure 3.4(a). The TARC is also obtained within the desired 

value less than -10 dB, as depicted in Figure 3.4(b). The desired value of CCL is less than 0.5 

bits/seconds/Hertz. Figure 3.4(c) shows the CCL response for the proposed MIMO antenna, 

displaying its compliance. The DG curve, as shown in Figure 3.4(d), is obtained within the 

desired value of less than 10 dB in the proposed MIMO antenna. All the plots are presented 

with and without the AMC, and it is observed that the MIMO performance parameters remain 

within acceptable values. The characteristics are also determined from the measured S-

parameters (magnitude and phase), and they have conformity around the operating frequency. 
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Figure 3.4. Simulated and measured MIMO performance parameters of the proposed four-port 

MIMO antenna: (a) ECC, (b) TARC, (c) CCL and (d) DG. 

3.3 Safety Analysis  

Analysis of the health risk of an antenna for wearable networks is of paramount importance. 

For assessing the absorbed energy in human tissue, specific absorption rate (SAR) is a 

quantitative Figure of merit [99]. The American standard for accepted value of SAR is 1.6 

W/kg for 1 g of tissue while the European standard is of 2 W/kg for 10 g of tissue [100]–[101].  

To conduct the SAR analysis, two different human body models, viz. one three-layer and other 

four-layer models are considered in this work. The length and breadth of both models are 

assumed as 25 mm and 10 mm, respectively, while thickness values of constituents (i.e. skin, 
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fat, muscles, and bone) are given in Table 3.1 [102].  The models are frequency dependent. For 

three-layer human body model, layers of skin, fat, and muscles are considered for analysis, 

while for the four-layer human body model, the bone layer is also included along with skin, 

fat, and muscles. The values of conductivity, permittivity, loss tangent, and density for 

constituents of human model are calculated at 28 GHz and are given in Table 3.2 [103]. 

Table 3.1: Human tissue models with layer thicknesses (units: mm) 

Model/ Tissue 

(Layers) 

Skin (Top 

Most layer) 

Fat (Second 

Layer) 

Muscle 

(Third Layer) 

Bone 

(Fourth Layer) 

Three Layer Model 

(units: mm) 
3 7 50 - 

Four Layer Model 

(units: mm) 
2 5 20 13 

 

Table 3.2: Dielectric properties of the human tissues at 28 GHz 

Sl. 

No. 

Tissue 

(layers) 

Bulk Conductivity 

(S/m) 

Relative 

Permittivity 

Loss 

tangent 

Mass Density 

(Kg/m3) 

1 Skin 25.82 16.55 0.33 1114 

2 Fat 5.04 6.09 0.18 909 

3 Muscle 33.61 24.41 0.3 1103 

4 Bone 4.94 5.17 0.37 1821 

 

Two different simulation set ups (one without AMC and other with AMC) have been made 

for the proposed MIMO antenna for both human tissue models at 28 GHz, by considering 1 g 

of tissue average as per IEEE standards. The human model is kept at a separation of 6 mm from 

the antenna. At the operating frequency, the SAR value has been calculated for an input power 
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of 24 dBm, which is the standard value used for LTE smartphone as well [104]. Figure 3.5 

shows the simulation setup for the calculation of SAR distribution of the proposed MIMO 

antenna (with and without AMC) on three layer and four-layer human body models.   

 

Figure 3.5. Three-layer and four-layer human tissue models at 28 GHz. 

Table 3.3: SAR level (W/Kg) and SPD level (W/m2) of the proposed antenna at 28 GHz 

(Input Power = 24 dBm) 

 

Antenna 

3 Layer Model 4 Layer Model 

SAR PD SAR PD 

Without AMC 37.02 453.92 34.09 534.44 

With AMC 0.112 2.38 0.755 7.07 

 

Table 3.3 shows the average SAR values calculated over 1 g of tissue for the three-layer and 

four-layer human models with 24 dBm input power. It is observed that the introduction of 

AMC significantly decreases SAR values of the antenna at 28 GHz, thereby reducing it below 

the specified maximum value of 1.6 W/Kg for the input power of 24 dBm.   

However, at mm-wave frequencies, EM waves exhibit negligible penetration into human 

skin, and therefore, the safety evaluation of antennas at these frequencies cannot rely solely on 

SAR analysis [105]. Instead, spatial power density (SPD) estimation is the recommended and 

widely accepted metric for assessing human exposure and ensuring compliance with safety 

guidelines for mm-wave antennas. The SPD exposure limits as per IEEE specifications is 

10W/m2 for 3-30 GHz frequency range [106]-[107]. Table 3.3 also presents the power density 

exposure distributions at 28 GHz for the three layer and four-layer model at 24 dBm input 
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power. It can be observed that the introduction of AMC reduces PD values for the antenna and 

makes it lower than the limit of 10 W/m2.   

Table 3.4: Comparison of Antennas for mm-wave WBAN applications 

Ref 

Single 

/MIMO 

Antenna 

Board Size 

(mm3) 

Freq. Band 

(GHz) 

Gain 

(dBi) 
Reflector 

Input 

Power 

(dBm) 

SAR 

(1-g 

average -

W/Kg) 

SPD 

(W/m2) 

[108] Single 72 × 72 × 11 
2.2-2.6 

4.9–5.5 
5.1, 6.2 AMC - - - 

[109] Single 
62.5 × 37.5 × 

3.5 
2.36-2.4 6.2 

Metasurf

ace 
20 0.66 - 

[110] Single 38 × 38 × 3 2.40–2.48 - HIS 20 0.29 - 

[111] Single 46 × 46 × 2.4 2.4 7.8 EBG 20 0.0368 - 

[112] Single 
89 ×  83 × 

6.25 

2.4–2.5, 

3.28–3.38 
6.4, 3 AMC 20 0.29 - 

[113] Single 
102 × 68 × 

3.6 
4.30–5.90 6.12 AMC 30 47.26 - 

[56] 
2 Port 

MIMO 

40 × 40 × 

12.024 
3-4.1 7.1 AMC - - - 

[58] 
2 Port 

MIMO 

19.04 × 

15.06 × 5.14 
24 5.9 EBG 30 - 2428.3 

Propo

sed 

Anten

na 

Single 

antenna, 4 

port 

MIMO 

50 × 35 × 3.7 28 9.25 AMC 20 0.112 2.38 

 

3.4 Conclusion 

In this chapter, a compact four-port AMC-backed MIMO antenna has been designed, 

analyzed, fabricated, and experimentally demonstrated for mm-wave 5G WBAN applications 

operating at 28 GHz. The integration of an AMC surface beneath the antenna significantly 

enhances its gain, impedance bandwidth, return loss, and inter-element isolation, while 
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effectively suppressing backward radiation. As a result, the proposed design achieves superior 

radiation performance and improved EM safety, as evidenced by the substantial reduction in 

SAR and PD values. The proposed geometry is compared with earlier reported AMC based 

antenna structures in Table 3.4 and it is observed that the designed MIMO antenna shows 

significantly high gain, compact size, simpler topology, wideband characteristics, and good 

safety performance. The fabricated prototype demonstrates close agreement between measured 

and simulated results, validating the proposed concept. Owing to its high gain, compact form 

factor, and excellent on-body safety characteristics, the proposed MIMO antenna serves as a 

strong candidate for next-generation wearable and body-centric communication systems in the 

mm-wave 5G spectrum. 

*** 
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Chapter 4 

Dual-Band CSRR-Loaded Two-Port MIMO 

Antenna Array 

 

Building upon the AMC-backed MIMO antenna developed in Chapter 3 for wearable 

WBAN applications, this chapter advances the design framework by introducing a dual-band, 

high-gain MIMO antenna array operating in the mm-wave range. In the previous chapter, an 

annular slot was etched in the ground plane to enhance the impedance bandwidth, however this 

resulted in an undesired backside radiation, which was mitigated by deploying an artificial 

magnetic conductor (AMC) layer. The AMC not only suppressed backward radiation but also 

enhanced the antenna’s forward gain, making it suitable for on-body WBAN environments. 

In contrast, the antenna presented in this chapter incorporates a complete ground plane, 

effectively eliminating backside radiation without requiring an external AMC surface. This 

modification leads to a more compact and mechanically robust structure, making it inherently 

safer for on-body operation. Furthermore, by employing a two-element array configuration, the 

proposed design achieves enhanced gain through constructive array radiation, while 

maintaining excellent impedance matching and broadside directivity. 

In addition, complementary split ring resonators (CSRRs) are integrated in the antenna 

deign to achieve dual-band operation within the 28 GHz (n257) and 38 GHz (n260) bands. The 

CSRRs introduce an additional higher-order resonance and facilitate frequency miniaturization 

through localized EM coupling. This enables efficient multi-band performance without 

increasing the antenna’s physical footprint. 

4.1 Single Antenna and Antenna Array 

A rectangular microstrip patch antenna with optimized dimensions of length (Lpatch) and 

width (Wpatch) can be designed using Equations (4.1) and (4.2) [11]: 

2
2

patch

r eff

c
L L

f 
= −                                                      (4.1) 
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2

2 1
patch

r r

c
W

f 
=

+
                                                    (4.2) 

where, c is the speed of light, fr is the resonance frequency, r denotes dielectric constant of 

the substrate, eff denotes effective dielectric constant, and L accounts for the fringing effect 

[114], [115] occurred in the antenna geometry.  

 

Figure 4.1: (a) Proposed single antenna geometry with the connector model, and (b) simulated 

reflection coefficient (S11) of the antenna topology with and without CSRR loading. The 

geometric dimensions are: Sx = Sy = 15, fl = 15, fw = 0.7, ml = 2, mw = 0.2, ex = 2.25, ey = 5.7, l1 

= 1.74, and l2 = l3 = l4 = 0.2 (unit: mm). 

The reference rectangular patch antenna, based on the above design equations, is initially 

realized at 28 GHz, and a CSRR is then etched at the centre of the patch to obtain the second 

resonance at around 38 GHz [116]. Rogers RO 4003(TM) substrate (having a thickness of 0.3 

mm) with relative permittivity of 3.55 and loss tangent of 0.0027 is considered as the dielectric. 

Figure 4.1(a) demonstrates a pictorial representation of the suggested antenna along with a 

2.92 mm connector model. The comparison of S11 response with and without CSRR is 

presented in Figure 4.1(b). It can be seen that the loading of CSRR causes a reduction in the 

resonance frequency of the patch antenna by around 2 GHz, along with generating the second 

resonance at 38 GHz. Thus the CSRR not only introduces another band of operation but also 

leads to the miniaturization of the antenna topology. The overall antenna dimensions are thus 

reduced to 0.21λo  0.53 λo  0.028 λo, where λo is the free space wavelength at 28 GHz. 

Further, it is witnessed that the proposed design demonstrates an impedance bandwidth (S11 < 

-10 dB) of 0.58 GHz in 28 GHz band and 0.76 GHz in 38 GHz band. 
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Few parametric analyses with respect to the patch width (py) and horizontal offset positions 

of CSRR (dy) are shown in Figures 4.2(a) and 4.2(b), respectively, for in-depth analysis. The 

reflection coefficient (S11) has been studied during this parametric variation. 

 

Figure 4.2: Simulated parametric variation of S11 with respect to: (a) patch width (py), and (b) 

horizontal offset positions of CSRR (dy). 

 

Figure 4.3: Equivalent circuit model of the proposed single antenna geometry. The circuit 

parameters derived are: Lcr = 0.028 nH, Ccr = 0.63 pF, Lpatch = 0.035 nH, Cpatch = 0.92 pF, Lcoup1 

= 0.015 nH, Ccoup1 = 1.23 pF, Lcoup2 = 0.026 nH, and Ccoup2 = 0.98 pF.  

An equivalent circuit model is used to describe the behavior of the CSRR loading effect. 

The CSRR geometry is excited by an orthogonal electric field and exerts a combination of 

inductance (Lcr), capacitance (Ccr), and resistance (Rcr), accounting for both dielectric loss and 

conductor loss. The microstrip patch also produces a RLC combination (Lpatch, Cpatch, and 

Rpatch), whereas the couplings between the CSRR and patch are represented by Lcoup1, Ccoup1, 

Lcoup2, and Ccoup2. The feed-line is represented by inductance Lf   and matching transformer is 

represented by inductance Lm. The component values are obtained through curve-tracing 
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method with the help of Advanced Design System (ADS) software and are presented in the 

caption of Figure 4.3. 

 

Figure 4.4: Simulated radiation patterns of single antenna in E-plane (Top), H-plane (Bottom) 

at (a) 28.2 GHz, (b) 38.8 GHz.            

The simulated radiation patterns of the single antenna are demonstrated at 28.2 GHz and 

38.8 GHz, indicating an overall broadside radiation direction at both resonance frequencies. 

Figure 4.4. presents the radiation patterns in E-plane and H-plane for both 28 GHz and 38 GHz. 

To implement the array geometry, a power divider, as depicted in the Figure 4.5(a), is 

conceptualized. Its corresponding amplitude response and phase characteristics are displayed 

in Figures 4.5(b) and 4.5(c), respectively. The geometry divides the power evenly among the 

output ports 2 and 3, as observed from the scattering parameters. Thereafter, two single antenna 

elements are integrated with the power divider and the complete antenna array is demonstrated 

in Figure 4.6(a). The simulated S11 response is depicted in In Figure 4.6(b) showing -10 dB 

impedance bandwidth of 0.91 GHz in 28 GHz band and 0.68 GHz in 38 GHz band. Further, it 
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is witnessed that with the array structure, the simulated peak gain at 28.2 GHz increases from 

7.26 dBi to 10.21 dBi, while at 38.8 GHz, it increases from 10.06 dBi to 12.30 dBi.     

 

Figure 4.5: (a) Proposed 1 2 power divider design. Simulated S-parameters of the power 

divider: (b) amplitude response, and (c) phase response. The geometric dimensions are as 

follows: lf = 6.8, wf = 0.7, fl = 17.2, fw = 0.23, fl1 = 2, fw1 = 0.46, fl2 = 2.4, fw2 = 0.7 (units: mm). 

 

Figure 4.6: (a) Schematic diagram of proposed antenna array, (b) Simulated scattering 

parameter and comparison between simulated gains of single antenna and array structure. The 

overall array size is: 15 mm x 08 mm (Wa × La). 

4.2 MIMO Antenna Array 

A MIMO antenna array offers significant advantages over a conventional antenna array by 

combining array gain with spatial diversity and multiplexing capabilities. While a traditional 

array primarily enhances directivity and beamforming, a MIMO array additionally improves 

channel capacity, mitigates fading through diversity, and supports multiple parallel data 

streams. Unlike the previous chapter, which focused solely on a MIMO antenna, this chapter 

extends the work by developing a MIMO antenna array to harness the combined advantages of 
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MIMO diversity and array gain. This hybrid configuration results in superior throughput, 

reliability, and system performance, making it suitable for advanced wireless applications. 

4.2.1 Design and Fabrication  

 

Figure 4.7: (a) Schematic representation of the proposed two-port MIMO antenna array. 

Fabricated prototypes of the two-port MIMO antenna array: (b) top view and (c) bottom view. 

 

Figure 4.8: Simulated and measured scattering parameter responses (S11, S12), gain, and 

radiation efficiency for the proposed two-port MIMO antenna array.  

A two-port 1 × 2 MIMO antenna array geometry is realized by smartly placing the individual 

array antennas in an interdigital configuration, as shown in Figure 4.7(a). Each of the two-port 

MIMO antenna is further made of a 1 × 2 array configuration, where the antenna elements are 

fed through a corporate power divider. The physical extents of the antenna geometry and the 

substrate properties are unchanged, however, the separation (sep) among the CSRR loaded 

patches is taken as 5.15 mm, based on the iterative optimization procedure. Figures 4.7(b) and 
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4.7(c) illustrate the top and bottom sides of the fabricated prototype, respectively, which has 

been manufactured using the LPKF S104 Protomat milling machine.  

 

Figure 4.9: Simulated and measured radiation patterns of the proposed MIMO array antenna in 

E-plane (Top), H-plane (Bottom) at (a) 28.2 GHz, (b) 38.8 GHz. 

Figure 4.8 shows the scattering parameters, both simulated and measured, for the proposed 

two-port MIMO antenna array. The reflection coefficients of each of the antenna elements are 

similar to those of a single antenna, and the isolation between the two ports is consistently less 

than 20 dB throughout the functional range. The operating bands, defined as S11 less than -10 

dB, are in the range of 27.87 GHz - 28.78 GHz and 38.72 GHz - 39.4 GHz. As the two ports 

are symmetrical, only Port 1's scattering parameters are displayed. The simulated gains of the 

proposed geometry are 11.35 dBi at 28.2 GHz and 12.35 dBi at 38.8 GHz, while the simulated 

radiation efficiencies are 83.4% at 28.2 GHz and 77.8% at 38.8 GHz. The measurements were 

carried out with an Anritsu S820E Vector Network Analyzer (VNA) between 26 and 40 GHz 

[117], [118]. The measured gain for the fabricated MIMO antenna array at 28.2 GHz is 10.13 
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dBi, while at 38.8 GHz it is 12.23 dBi. In Figure 4.9, the simulated and measured radiation 

patterns of the array configuration of Antenna are demonstrated at 28.2 GHz and 38.8 GHz, 

indicating an overall broadside radiation direction at both resonance frequencies. 

4.2.2 MIMO Parameters 

For the suggested design, several important MIMO specifications have been examined. The 

simulated value of ECC is well below 0.1 (which is the desired value) at both operational 

frequencies (28 GHz and 38.8 GHz), as presented in Table I. For the highest ECC across both 

bands of operation, the calculated DG exceeds 9.99 dB.      

Table 4.1:  ECC / ACC, DM, PDGR, and ME for MIMO Antenna Array 

Frequency 

(GHz) 
|ACC12| = ECC DM PDGR ME (dB) 

28.2 7.52 × 10−4 3.99999544 1.14 × 10−4 -0.78 

38.8 2.415 × 10−3 3.99995334 1.1665 × 10−3 -1.09 

The diversity performance of MIMO antennas, however, cannot be evaluated holistically 

using the terms ECC and DG. So diversity order (DO) and diversity measure (DM), as 

suggested in Ref. [48], are also investigated in this work using the antenna correlation 

coefficient (ACC) matrix. Table I shows that percentage diversity gain reduction (PDGR) is 

0.000114% at 28 GHz and 0.0011665% at 38 GHz, indicating excellent diversity performance 

of the designed MIMO array antenna, primarily owing to the orthogonal arrangement of the 

two ports. From Table 4.1, it can be seen that the proposed MIMO antenna provides a very 

good multiplexing efficiency (ME) value.  
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Figure 4.10. Simulated and measured MIMO performance specifications of the proposed two-

port MIMO antenna array: (a) TARC, and (b) CCL and MEG.  

Figure 4.10(a) illustrates TARC plots for the proposed 2-port MIMO antenna array. TARC 

is obtained for five values of random phases (1, 2, 3, 4, 5), and all cases exhibit strong 

convergence. This suggests that the proposed antenna is insensitive to phase changes. The 

measured TARC curves for five values of random phases are also in close conformity with the 

simulated curves, indicating a good performance of the MIMO system. From Figure 4.10(b), 

it is observed that the ratio of MEG for both simulated and measured responses of the designed 

MIMO antenna array is within the mentioned limits for the entire operating band. The 

simulated and measured correlation-induced CCL are also shown in Figure 4.10(b), and both 

are found within the anticipated value (< 0.5 bits/seconds/Hz). 

4.3 Safety Analysis and Human Body Loading Analysis  

 

Figure 4.11: Frequency dependent three-layer human body model. 

To assess the energy absorption at mm-wave frequency range in the human body, spatial 

power density (SPD) of the proposed MIMO antenna array is evaluated on a three-layer (i.e. 

skin, fat, and muscle) human body model, similar to the one considered in the previous chapter. 

The length, breadth, and thickness values of different constituent materials of the human model 

are provided in Figure 4.11 [113]. The separation between the MIMO antenna array and the 



64 
 

human body model is kept as 3 mm. The characteristic parameters of human tissues such as 

conductivity, permittivity, loss tangent, mass density, and penetration depth at 28.2 GHz and 

38.8 GHz are obtained from Ref. [103] and are mentioned in Table II. The peak SPD exposure 

values at 28.2 GHz and 38.8 GHz for the three-layer model corresponding to 20 dBm input 

power are obtained as 3.79 W/m2 and 9.52 W/m2, respectively. It is observed that SPD values 

are well below the limit of 10 W/m2 at both bands, thereby confirming the safety of the 

proposed MIMO antenna array geometry for WBAN networks. 

Table 4.2: 28/38 GHz constituent properties of human tissue [113] 

Human 

Tissue 

Conductivity 
Relative 

permittivity (ε) 
Loss tangent (𝛿) 

Mass 

density 

Penetration 

depth 

28.2 

GHz 

38.8 

GHz 

28.2 

GHz 
38.8 GHz 

28.2 

GHz 

38.8 

GHz 

28.2/38.8 

GHz 

28.2 

GHz 

38.8 

GHz 

skin 25.82 31.35 16.55 12.04 1.001 1.206 1114 0.919 0.665 

fat 1.69 2.16 3.69 3.42 0.29 0.292 909 6.07 4.584 

muscle 33.61 42.4 24.41 18.71 0.3 1.048 1103 0.84 0.599 

 

Table 4.3 Performance Comparison of Proposed MIMO Antenna Array in Free Space and 

Body Worn Scenario 

Parameter Free space (simulated) On body (simulated) 

Frequency (GHz) 28.2 38.8 28.2 38.8 

B.W.(GHz)/FBW 0.91/3.25% 0.68/1.75% 0.87/3.10% 0.66/1.70% 

Isolation (dB) -18.4 -26.3 -20.51 -27.88 

Peak Gain (dBi) 10.48 11.21 10.4 11.1 

Radiation efficiency 84.05% 78.6% 79.58% 72.21% 

ECC 0.000752 0.002415 0.001094 0.004740 

TARC (dB) -12.02 -6.6 -8.92 -5.1 

CCL (bits/sec/Hz) 0.0092 0.0227 0.039 0.045 

 

In Table 4.3, the antenna performance vis-à-vis several parameters is compared between the 

free space scenario and on the human body (separation 3 mm) case. It can be observed that due 
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to the use of the complete ground, there is high isolation between the antenna and the human 

body. Thus key antenna performance parameters show excellent stability in the vicinity of the 

human body.  

4.4 Conclusion  

Table 4.4 Comparative Assessment of Designed MIMO Antenna Array 

Ref. Ports Board Size (mm3) Freq (GHz) B.W. (GHz) Gain (dBi) 

[95] 4 26 × 19.25 × 0.79 28, 38 4, 0.37 7.58, 5.72 

[119] 2 20 × 20 × 0.254 28 0.85 8 

[120] 2 40 × 25 × 0.254 5.2, 24 0.1, 0.77 5,7.37 

[121] 4 41.3 × 46 × 0.508 28 3.35 13.1 

[122] 2 48 × 21 × 0.13 30 1 7 

[58] 2 19.04 × 15.06 × 5.14 24 0.8 5.9 

[123] 1 29.06 × 11.42 × 0.508 28 2 11.7 

[124] 1 15 × 18.4 × 0.508 35.5 8.2 4.5 

This 

work 
2 47  24.25  0.3 28.2, 38.8 0.91, 0.68 

10.48, 

11.21 

 

In this chapter, a dual-band two-port 1 × 2 MIMO antenna array is presented for mm-wave 

WBAN applications. Each of the antenna elements is made of a rectangular microstrip patch, 

and a CSRR is etched at the centre of the patch. The loading of CSRR leads to the 

miniaturization of the patch frequency as well as the introduction of a higher operating band. 

Subsequently, a 1 × 2 antenna array is designed, which is further extended to a two-port 1 × 2 

MIMO antenna array. The performances of several key MIMO parameters are scrutinized and 

their values are found satisfactory for executing reliable operations. Further, detailed safety 

analysis and human body model analysis of the proposed MIMO antenna array are carried out 

and results support the fact that the proposed design is suitable in mm-wave bands (n257 and 

n260) for 5G WBAN applications. The final antenna array structure has also been fabricated 

as well as measured, whose results conform well to those of the simulated responses. The 

proposed geometry has been compared with the existing mm-wave MIMO antennas in Table 
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4.4 with respect to several matrices, such as size, frequency bands, bandwidth, and gain, and it 

is evident that the proposed design is significantly compact, has considerably higher gain, and 

has superior safety performance.  

 

*** 
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Chapter 5 

Fabry–Perot Cavity-Backed High-Gain MIMO 

Antenna 

 

Building upon the CSRR-loaded MIMO antenna array presented in Chapter 4, which 

demonstrated a compact dual-band operation with high isolation, this chapter focuses on further 

improving the gain, bandwidth, and aperture efficiency of the antenna system through the 

incorporation of a Fabry–Perot cavity (FPC) configuration. Although the previous design 

offered excellent radiation stability and compactness, the effective aperture and directivity 

were inherently limited by the planar patch geometry. To address these limitations, the present 

work introduces a Fabry–Perot cavity-backed MIMO antenna that utilizes a partially reflective 

superstrate placed above the radiating elements to form a resonant cavity. The constructive 

interference between direct and reflected waves inside the cavity enhances forward radiation, 

improving both gain and aperture efficiency without substantially increasing the overall profile. 

Unlike AMC or array based gain enhancement techniques discussed in earlier chapters, 

which relied on localized surface current manipulation, the FPC approach leverages cavity 

resonance and controlled phase reflection to achieve broadside gain enhancement and field 

uniformity across the radiating aperture. The design is specifically optimized for 28 GHz 

operation, where achieving high directivity within a compact footprint remains a key challenge. 

The inclusion of the FPC effectively transforms the antenna system into a directive radiator 

with improved power concentration in the desired direction, making it particularly suitable for 

high-data-rate, line-of-sight mm-wave communication links. 

To realize the cavity, three types of superstrate configurations are examined—an unprinted 

dielectric layer, a single-side printed partially reflective surface (PRS), and a double-side 

printed PRS—each positioned at an optimized distance of approximately half a wavelength 

above the feed antenna. The unprinted dielectric version serves as a reference model, while the 

printed PRS configurations introduce tunable reflection properties that enhance the 

constructive interference within the cavity. Through systematic simulation and optimization, 

the double-side PRS configuration is found to deliver the best performance, achieving a peak 

gain of 12.74 dBi, an aperture efficiency exceeding 90%, and stable impedance matching over 
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a broad frequency range. In addition, the complete ground plane effectively suppresses 

backside radiation and minimizes coupling between MIMO ports, ensuring reliable 

performance and high radiation purity. 

The proposed Fabry–Perot cavity-backed MIMO antenna thus provides a compact, low-

profile, and high-efficiency solution for 28 GHz mm-wave front-end modules, access points, 

and short-range fixed wireless links. The subsequent sections of this chapter present the 

antenna geometry and design methodology, the characterization of the superstrate 

configurations, the simulation and measurement analyses, a comparative evaluation with 

existing designs, and a summary highlighting the key findings and performance improvements 

of the proposed configuration. 

5.1 Design of Proposed MIMO Antenna 

 

Figure 5.1: Schematic diagrams of the proposed (a) antenna element along with the connector 

model, and (b) its 3-port MIMO antenna configuration. Simulated responses of both antenna 

element and MIMO antenna: (c) scattering parameters, (d) gain and efficiencies. The geometric 

dimensions are: 𝐿𝑠𝑢𝑏 = 𝑊𝑠𝑢𝑏 = 15, 𝐿𝑝𝑎𝑡𝑐ℎ = 2.54, 𝑊𝑝𝑎𝑡𝑐ℎ = 4, 𝐿𝑚𝑎 = 2, 𝑊𝑚𝑎 = 0.2, and 𝐿𝑓𝑒𝑒𝑑 

= 6.8, 𝑊𝑓𝑒𝑒𝑑 = 0.7 𝑊𝑚 = 29, Lm = 15, 𝑝𝑠𝑒𝑝 = 1.16 (unit: mm). 
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A rectangular patch geometry is considered as the radiating element in the proposed mm-

wave antenna. The patch is fed through a microstrip line, and the overall structure is printed on 

Rogers RO 4003(TM) substrate with a relative permittivity of 3.55, a loss tangent of 0.0027, 

and a thickness of 0.3 mm. The dimensions of the patch are calculated based on the design 

equations [114], [115] to achieve the radiation at 28 GHz.  

Once the single antenna is constructed, three elements are positioned in an orthogonal 

configuration to realize the three-port MIMO antenna. The individual dimensions and the 

substrate property are kept unchanged, and the separation between the patches (psep) is 

optimized to a minimum value. This straightforward yet innovative layout not only simplifies 

fabrication and integration, but also achieves a broadside radiation pattern with negligible back 

lobe, along with high aperture efficiency and excellent inter-port isolation.  

Figures 5.1(a) and 5.1(b) depict the schematic geometries of the antenna element and its 

MIMO structure, respectively. Both geometries are simulated using Ansys HFSS 2020. The 

single antenna has a resonance peak around 28 GHz, with the minimum reflection coefficient 

(S11) reaching to -40 dB at 28.26 GHz, while the antenna array shows a maximum reflection 

loss of 15.07 dB at 28.12 GHz. The transmission coefficients (S21, S31, and S32) between the 

elements are also studied and found below -20 dB at the operating frequency, as depicted in 

Figure 5.1(c). The peak realized gain are observed above 6.21 dBi at 28 GHz for both single 

antenna and MIMO configurations, while the radiation efficiency is found around 92% for both 

cases, as shown in Figure 5.1(d).  

5.2 Design of PRS Layers 

To further improve the antenna performance, the Fabry-Perot cavity concept is utilized in 

the proposed design. The cavity is generally constituted by loading a superstrate above the 

antenna and behaving as a PRS, such that the signal undergoes multiple reflections and finally 

radiates with improved performance. An unprinted PRS is often replaced with a printed PRS, 

with patterns on either single or both sides of the superstrate, to further enhance the properties.  

5.2.1 Design I: Unprinted PRS 

Initially, an unprinted PRS is considered for the proposed antenna, and its operating 

mechanism is described using the Fabry-Perot resonance condition derived from ray tracking 

analysis, as illustrated in Figure 5.2(a). The antenna used in this chapter has a radiating element 

(rectangular patch) printed on a substrate, with the back side having a complete ground plane. 
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In case of unprinted PRS, a dielectric substrate is used as a superstrate at a height of Hca above 

the ground plane of the antenna, such that the wave directly radiated through the PRS (having 

a phase of d) and the waves radiated after multiple reflections between the ground plane of the 

antenna and the PRS (having a phase of gnd) have similar phases and therefore results in a 

constructive interference. This interference significantly improves the directivity and other 

parameters of the antenna geometry. The overall reflection phase can be expressed as [73]:  

                   𝜙𝑃𝑅𝑆 =  
4𝜋𝐻𝐶𝑎 

𝑐
𝑓𝑟𝑒𝑠 + (2𝑛 − 1)𝜋, 𝑛 = 0,1,2,3. ..                                             (5.1) 

 

Figure 5.2: (a) Radiation mechanism in an FP cavity, (b) simulation setup using a superstrate 

reflection model (SRM) to characterize reflection profile, (c) simulated reflection phase and 

reflection coefficient of the proposed Rogers RO5880 based unprinted PRS. 

Rogers RO5880 substrate (r = 2.2, tan δ = 0.0009) with a thickness of tup-prs = 3.6 mm is 

considered as the unprinted PRS in the proposed design. The gap between the PRS and ground 

plane of the antenna (Hca) is adjusted to approximately half-wavelength (= 5.5 mm) at the 

resonance frequency 28 GHz. In the simulation set up, as illustrated in Figure 5.2(b), periodic 
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boundary conditions (PBC) are applied along x and y directions, while a Floquet port excitation 

is provided along z-direction. The EM wave impinges on the PRS from z-direction. 

The ideal phase characteristics of PRS, while taking n = 0 in Equation (5.1) is presented in 

Figure 5.2(c), where it is seen monotonically increasing with frequency. Next, the reflection 

coefficient (S11) phase and amplitude of the unprinted PRS, calculated using a superstrate 

reflection model (SRM), are illustrated in the same figure, where a 180o phase reversal is 

observed at 28 GHz, indicating the potential of utilizing the PRS as a Fabry-Perot cavity at this 

frequency. The waves undergoing through multiple reflections between the ground plane 

(which also produces a 180o phase change) and the PRS receive a total of 360o phase difference 

with respect to the direct waves and therefore constructively enhance the radiation performance 

of the geometry.  

5.2.2 Design II: Single-Side Printed PRS 

 

Figure 5.3: (a) Proposed single-side printed unit cell geometry, and (b) its simulation setup 

using SRM model. (c) Simulated S11 amplitude and phase responses of the geometry for 

different parameters (Lp and r). The final dimensions are as follows: Lp = 6, r = 2.9, and tp-prs = 

0.787 (unit: mm). 

While an unprinted PRS is easy to design and deploy, a printed PRS offers a compact 

solution. To satisfy the Fabry-Perot cavity condition, the unprinted PRS needs to be half a 

wavelength thick. In contrast, the antenna profile can be reduced by employing a pattern on the 

superstrate that offers a bandstop solution at the resonance [125]. In this section, a single-side 

printed dielectric is used to construct the PRS at 28 GHz. The unit cell is based on a circular 

metallic patch of copper material (conductivity of 5.8×107 S/m) printed on the bottom side of 

the same substrate Rogers RO5880 having a thickness of tp-prs = 0.787 mm. The unit cell design 

and its simulated setup using periodic boundary conditions are illustrated in Figures 5.3(a) and 
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5.3(b), respectively. Figure 5.3(c) shows simulated S11 amplitude and phase responses for 

different parameters (Lp and r), and finally the antenna geometry with Lp = 6 mm and r = 2.9 

mm is chosen as its corresponding response intersects the ideal reflection phase at 28 GHz. 

5.2.3 Design III: Double-Side Printed PRS 

As observed in Figure 5.3(c) ţhe S11 phase of the single-side printed PRS intersects the ideal 

phase curve at only one frequency. Further, the reflection magnitude is around 0.4 at this 

frequency, thereby leading to intense reflections within the cavity. This often causes radiation 

spillage from the sides of the cavity, and subsequently results in several grating lobes and back 

lobes. The problem can be alleviated by increasing the lateral dimensions of the cavity, but at 

the expense of compromising with the antenna aperture efficiency. A plausible solution to 

overcome the limitation is to introduce multiple coherent wavefront radiations on the surface 

of the PRS, by employing printed patterns on both sides of the superstrate [126]. The patterns 

will efficiently regulate the reflection phase, without increasing the antenna profile.  

 

Figure 5.4: (a) Proposed double-side printed unit cell, and (b) its simulation setup using SRM 

model. (c) Simulated reflection amplitude and phase of the proposed double-side printed PRS. 

The final dimensions are as follows: 𝐿𝑝= 5, r=1.8, and 𝑡𝑝𝑟𝑠=0.787 (unit: mm).  

The previously designed circular metallic patch is now printed on both top and bottom sides 

of the dielectric. The dimensions are accordingly optimized as Lp = 5 mm and r =1.8 mm, while 

the thickness is kept same as before (tp-prs = 0.787 mm). Figures 5.4(a) and 5.4(b) depict the 

unit cell and its simulated setup, respectively. The simulated S11 phase and amplitudes are 

presented in Figure 5.4(c) and compared with that of the ideal reflection phase. An intersection 

between the ideal and simulated phase at around 28 GHz, as similar as that of the unprinted 

PRS, confirms the operation of the double-sided printed PRS as the Fabry-Perot cavity for the 
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proposed antenna. Additionally, the S11 magnitude is much lower compared to the single-sided 

printed PRS, resulting in minimal radiation spillage outside the cavity and virtually no radiation 

on the backside of the antenna. 

To further elucidate the working mechanism of the structure, an equivalent circuit model 

for the double-side printed PRS based antenna geometry is depicted in Figure 5.5. Each of the 

metallic pattern printed on the superstrate is represented by a series R-L-C circuit (R1-L1-C1 for 

the top pattern and R2-L2-C2 for the bottom pattern). The capacitance is resulted from the gap 

between the successive unit cells, while the inductance and resistance are generated due to the 

metallic pattern. The microstrip patch antenna printed on the grounded substrate is modeled by 

a parallel combination of resistance (Rp), inductance (Lp), and capacitance (Cp), in series with 

another inductance (Lm) [20]. The superstrate (tp-prs) and intermediate air spacer (Hca) are 

represented as equivalent transmission line sections. The antenna circuit parameters are 

primarily responsible for the resonance at 28 GHz, while the Fabry-Perot cavity condition is 

generated by the superstrate assembly. With the variation in the dielectric properties and 

metallic pattern dimensions, the Fabry-Perot condition can efficiently be tuned to the resonance 

frequency, and the antenna parameters are significantly enhanced.  

 

Figure 5.5. Equivalent circuit model for the proposed PRS-integrated microstrip patch antenna.   

5.3 Analysis of PRS and Antenna Assembly 

To observe the effects of the distance (Hca) between the antenna ground plane and 

superstrate, parametric variations are conducted by placing different types of PRS geometries 

above a single antenna element and the corresponding S11 amplitude responses are presented 

in Figure 5.6. To cover the antenna size (15 mm × 15 mm), 3 × 3 unit cells of PRS arrays are 

considered in each case. It is observed that for the unprinted PRS design, the reflection 

amplitude is insensitive to the cavity height (although the phase changes are occurred as 
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described before), while it is most sensitive for the single-side printed PRS. In case of the 

double-side printed PRS, the S11 response is relatively constant, thereby showing its robustness 

over the single-side PRS structure. 

 

Figure 5.6: Simulated parametric variation of reflection coefficients (S11) with respect to height 

of the cavity (Hca), when a single antenna element is loaded with (a) an unprinted PRS, (b) a 

3×3 single-side printed PRS array, and (c) a 3×3 double-side printed PRS array.  

 

Figure 5.7: Simulated E-field distributions of the single antenna for different conditions: (a) 

without loading of any PRS geometry, (b) loaded with an unprinted PRS made of RO5880 (Hca 

= 5.5 mm), (c) loaded with a 3×3 single-side printed PRS array (Hca = 6.3 mm), and (d) loaded 

with a 3×3 double-side printed PRS array (Hca = 6.2 mm). 

The electric-field (E-field) distributions of the antenna structure for different loading 

conditions are also illustrated in Figure 5.7. It is observed that the single antenna, without the 

loading of any PRS structure, radiates the signal in the broadside direction (z-direction). With 

the unprinted PRS, the concentration of the E-field is further increased, consequently leading 

to significant gain enhancement. The improvement is diminished for the single-side printed 

PRS structure due to the radiation spillage, which is again restored in the case of the double-

side printed configuration.  
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5.4 Fabrication and Measurement 

 

Figure 5.8:  Photographs of the fabricated prototype: (a) top side and (b) bottom side of the 

designed three-port MIMO antenna, (c) 3×6 double-side printed PRS array, and (d) overall 

antenna and PRS assembly. (e) Experimental setup of the antenna inside an anechoic chamber.  

To demonstrate the proposed concept, the three-port antenna array and different PRS 

structures are fabricated using the printed circuit board etching method. Figures 5.8(a) and 

5.8(b) depict the top and bottom sides, respectively, of the MIMO antenna prototype, and the 

double-side printed PRS surface is shown in Figure 5.8(c). The MIMO dimension is 29 mm × 

15 mm, and therefore, the PRS arrays are made of 6 × 3 unit cells (= 30 mm × 15 mm) to cover 

the entire antenna. A 3-D printed support made of polylactic acid (PLA) filament is used to 

maintain the necessary gap between the antenna and PRS, and the overall assembly is presented 

in Figure 5.8(d). Millimeter-wave connectors from Southwest are used at each port of the 

MIMO antenna, and the same connector model is used in the simulation setup as well. Initially, 

the S-parameters of the antenna are measured for different PRS loading conditions, followed 



76 

 

by characterizing the gain and radiation patterns. The experimental setup inside the anechoic 

chamber is illustrated in Figure 5.8(e). 

 

Figure 5.9: Simulated and measured S-parameters of the proposed MIMO antenna for different 

cases: (a) without loading any PRS (i.e. only antenna geometry), (b) loaded with unprinted 

PRS, and (c) loaded with double-side printed PRS. The solid and dashed lines represent 

simulated and measured responses, respectively. 

 

Figure 5.10: Simulated and measured broadside gain of the proposed MIMO antenna (Port 1) 

for all cases (i.e., without loading any PRS, loaded with unprinted PRS, and loaded with 

double-side printed PRS). 

The simulated and measured S-parameter responses of the MIMO antenna are presented for 

three cases, viz. without loading any PRS (i.e. only antenna geometry), loaded with an 

unprinted PRS, and loaded with a double-side printed PRS. Since Ports 2 and 3 are identical 

and symmetrically placed, responses from only Port 2 are presented along with Port 1 for the 

above three cases in Figure 5.9. It is observed that both ports exhibit nearly identical reflection 

responses across all three cases (without loading, unprinted PRS, and double-side printed PRS). 

The resonance frequency is nearly maintained at 28 GHz, even after the geometry loaded with 
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the unprinted or printed PRS. The transmission coefficients between the ports (S21 and S32) are 

also plotted. It is observed that the isolation remains below 20 dB throughout the operating 

range and there is no significant degradation after the PRS loading. In fact, the isolation 

between Ports 2 and 3 (i.e. S32) is further improved to around 30 dB for the double-side printed 

PRS. The measured responses also align well with the simulated ones for all the cases.  

Figure 5.10 depicts the simulated and measured broadside gain of the antenna, both before 

and after incorporating the PRS superstrates. The antenna without the PRS achieves a typical 

low gain of 7.2 dBi. In contrast, the antenna loaded with the unprinted PRS demonstrates a 

simulated gain of 12.24 dBi, while the double-side printed PRS configuration shows a 

simulated gain of 12.74 dBi at 28 GHz. The measured gain values closely match with the 

simulated ones in all cases. 

Additionally, there is a significant improvement in the aperture efficiency with the inclusion 

of the PRS geometry. The maximum gain (Gmax) achievable by an antenna having an aperture 

area of Aeff can be calculated using Equation (1.2). Assuming 100% radiation efficiency, Gmax 

can be computed as 13.92 dBi for an aperture area of 15 mm × 15 mm at 28 GHz. Thus, the 

antenna without any PRS loading and a gain of 7.2 dBi has an 51.7% aperture efficiency, while 

the inclusion of the unprinted PRS and double-side printed PRS increases the efficiency value 

to 87.9% and 91.5%, respectively. This confirms that the proposed PRS-based antenna 

structures are highly aperture efficient. 

Table 5.1. Simulated and Measured gains of the Proposed MIMO antenna 

Gain (dBi) Unloaded 
Unprinted 

PRS 

3×3 Double-Side 

Printed PRS Array 

3×6 Double-Side 

Printed PRS Array 

Ports 1 2 3 1 2 3 1 2 3 1 2 3 

Simulated 7.9 7.1 7.1 12.2 12.1 12.1 12.8 12.7 12.7 12.7 12.7 12.7 

Measured 7.2 7.2 7.2 12.2 12.1 12.1 12.8 12.7 12.7 12.7 12.7 12.7 

Table 5.1 compares the simulated and measured gains of all ports in the proposed MIMO 

system under various loading conditions. The gain values for all antennas are almost the same 
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under analogous loading conditions. Additionally, increasing the aperture size of the double-

side printed PRS array from 3×3 to 3×6 unit cells does not enhance the antenna’s gain further.  

 

Figure 5.11: Simulated and measured radiation patterns at 28 GHz of the proposed MIMO 

antenna (Port 1): (a) E Plane (unloaded), (b) H Plane (unloaded); (c) E Plane (loaded with 

unprinted PRS), (d) H Plane (loaded with unprinted PRS); (e) E Plane (loaded with single side 

printed PRS), (f) H Plane (loaded with single side printed PRS); (g) E Plane (loaded with 

double-side printed PRS), (h) H Plane (loaded with double-side printed PRS). 

The radiation characteristics of the 3-port MIMO antenna under different loading conditions 

are measured in the anechoic chamber. Only Port 1 is considered, and the patterns for different 

scenarios, such as unloaded PRS (i.e. only MIMO antenna), unprinted PRS, single-side printed 

PRS, and double-side printed PRS are presented in Figure 5.11. The figures clearly indicate 

the superiority of the double-side printed PRS vis a vis single-side printed PRS due to less cross 

polarization level and side lobes. Further, the simulated and measured results are in good 

agreement in all cases.  

5.5 MIMO Characterization 

To demonstrate the novelty of the proposed MIMO antenna, several important parameters, 

such as ECC, TARC, CCL, and MEG are computed for different PRS loading conditions 

(unloaded, loaded with unprinted PRS, and loaded with double-side printed PRS). The 

simulated value of ECC is found well below 0.1 (which is the desired value) at the operational 

frequencies, as presented in Table 5.2. This indicates that ports 1, 2, and 3 can operate 
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independently in all three cases. Further, it can be observed that the ECC between the port 1 

and port 2 is similar to that of between port 1 and port 3.  

Table 5.2. ECC between Various Ports of MIMO Antenna 

Freq. 

(GHz)/ 

ECC 

ECC12 ECC13 ECC23 

Case I Case II Case III Case I Case II Case III Case I Case II Case III 

27.8 0.0062 0.0033 0.0076 0.0062 0.0031 0.0081 0.0052 0.0037 0.0019 

28 0.0046 0.0021 0.0016 0.0045 0.0021 0.0014 0.0036 0.0026 0.0011 

28.2 0.0059 0.0011 0.0050 0.0056 0.0011 0.0049 0.0034 0.0021 0.0014 

Case I: Unloaded, Case II: Loaded with unprinted PRS, Case III: Loaded with double-side 

printed PRS. 

 

Figure 5.12:  Performance specifications of the proposed MIMO antenna: (a) TARC, and (b) 

CCL, and (c) MEG. The solid and dashed lines represent simulated and measured responses, 

respectively.  

Figure 5.12(a) presents the TARC plots for two random phase values (θ1, θ2) across all cases, 

and their responses are observed below -10 dB at 28 GHz. The measured curves are also in 

close conformity with the simulated curves, indicating a good performance of the MIMO 

system. Both the simulated and measured CCL values are presented in Figure 5.12(b), and are 

found within the anticipated value (< 0.5 bits/seconds/Hz). As observed from Figure 5.12(c), 

both the simulated and measured MEG ratios for different ports of the proposed MIMO antenna 

lie well within this acceptable range across the entire operating frequency band.  
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Table 5.3. Comparison with reported 28 GHz Superstrate based MIMO Antennas 

Ref. 

No. 

of 

Port 

Overall size (𝝀𝟑) 

 

Freq. 

range 

(GHz) 

Max. 

Isolation 

(dB) 

Number of 

types of 

superstrate(s) 

PRG 

(dBi) 

 

AE 

(%) 

[82] 2 3.04 × 4.92 × 0.6 
13.48-

16.95 
-40.8 

1 layer; PPRS 

and reflector 
21.59 N.R. 

[83] 4 2.89 × 2.89 × 0.5 
12.87-

45.02 
-52.53 1 layer; PPRS 11.93 84 

[84] 4 2.52 × 2.52 × 0.47 28-33 N.R. 2 layers; PPRS 8 61.5 

[127] 4 1.58 × 1.58 × 0.7 25-33 -30 1 layer; UPRS 14.1 N.R. 

[128] 1 1.89 × 1.89 × 0.55 27.1-29.5 NA 1 layer; UPRS 16 97.4 

[129] 4 2.89 × 2.89 × 0.39 23.5-29.4 -32.5 
1 layer; 

Metasurface 
10.44 59.2 

[130] 4 2.80 × 4.01 × 0.64 
24.55 - 

26.5 
-45 1 layer; PPRS 10.27 66.6 

[131] 1 1.92 × 1.91 × 0.62 
27.38-

33.34 
NA 1 layer; PPRS 12.7 76.5 

[132] 4 2.24 × 2.24 × 0.26 23.6-28.8 -55 1 layer; PPRS 11.4 95.2 

This 

work 
3 

1.4 × 2.71 × 0.85  27.8-28.8 -24.8 
1 layer; 

UPRS 
12.24 87.9 

1.4 × 2.71 × 0.65  27.8-28.8 -57.6 1 layer; PPRS 12.74 91.5 

PRG: Peak realized gain; AE: Aperture efficiency, PPRS: Printed PRS, UPRS: Unprinted PRS, 

NR: Not Reported    
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5.6 Conclusion  

In this chapter, a Fabry–Perot cavity-backed high-gain three-port MIMO antenna is 

designed and demonstrated for 5G wireless communication applications. The proposed single-

element antenna is made on a microstrip fed rectangular patch geometry, with three such 

elements arranged orthogonally in a compact configuration to form the MIMO system. To 

enhance the antenna performance, three different variants of PRS arrays are employed above 

the antenna at an optimized height; initially, an unprinted PRS is used, followed by a single-

side printed PRS array and then a double-side printed PRS array. This progressive modification 

increases the antenna gain from 7.21 dBi (without PRS) to 12.24 dBi (with unprinted PRS), 

and further to 12.74 dBi (with double-sided printed PRS). The printed PRS structures also 

improve the aperture efficiency (from 51.7% during unprinted PRS to 91.5% during double-

side printed PRS) and significantly enhance inter-port isolation. The proposed design is 

benchmarked against several reported mm-wave superstrate-based MIMO antennas operating 

around 28 GHz, as summarized in Table 5.3. The results indicate that the proposed antenna 

achieves a more compact footprint, higher gain, improved port isolation, and significantly 

lower correlation coefficient compared to most existing designs. Owing to these advantages, 

the PRS-loaded MIMO antenna system demonstrates strong potential for consideration into 

advanced 5G communication platforms. 

 

*** 
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Chapter 6 

Five-Port MIMO Antenna with Polarization and 

Pattern Diversity  

Building upon the high-gain Fabry–Perot cavity-backed MIMO antenna discussed in 

Chapter 5, which focused on gain enhancement and aperture efficiency, this chapter extends 

the design framework toward improving link reliability under multipath fading conditions 

through the incorporation of polarization and pattern diversity mechanisms. While the earlier 

designs primarily addressed gain, isolation, and safety performance, their operations were 

based on uniform polarization, which limited robustness in dynamic propagation environments 

typical of body-centric and mobile 5G systems. To overcome this limitation, the present work 

introduces a compact five-port mm-wave MIMO antenna system that simultaneously supports 

circular and linear polarizations, achieving hybrid diversity behavior within a single structure. 

The proposed configuration integrates multiple radiating elements arranged orthogonally on 

a common substrate to generate broadside circularly polarized and end-fire linearly polarized 

radiation patterns. This arrangement provides both polarization and spatial diversity, enhancing 

signal decorrelation and minimizing polarization mismatch between the transmitting and 

receiving channels without requiring external decoupling structures. 

The combination of broadside circularly polarized (CP) and end-fire linearly polarized (LP) 

radiation patterns is particularly useful in practical 5G mm-wave scenarios where devices 

operate in dynamic multipath environments and varying user orientations. Broadside CP 

radiation helps maintain stable links under polarization mismatch and device rotation, which is 

beneficial for handheld and wearable terminals as well as access-point connectivity. In contrast, 

end-fire LP radiation supports directional links along the device plane, enabling pattern 

diversity and improved spatial coverage in dense urban or indoor deployments. Such hybrid 

radiation characteristics can also be advantageous in multi-functional platforms requiring 

simultaneous coverage toward infrastructure (broadside CP) and peer devices or edge nodes 

(end-fire LP). 

6.1 Antenna Design and Analysis 
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Figures 6.1(a) and 6.1(b) depict the top view and bottom view, respectively, of the proposed 

five-port MIMO antenna. The geometry consists of three rectangular patch antennas, all of 

which are excited using microstrip feeds. Among them, two patches (Port 4 and Port 5) are 

chamfered on two diagonally opposite edges to achieve the RHCP behavior in the broadside 

direction, whereas Port 2 patch geometry is chamfered at opposite edges to obtain the LHCP 

response. On the extreme ends, two dipole antennas are printed on the top and bottom sides of 

the substrate such that they can exhibit LP radiation in the end-fire direction. These chamfered 

patch and dipole elements are innovatively arranged and integrated in a compact manner in the 

design to achieve enhanced performance metrics. A common ground is used for all five MIMO 

antennas. Rogers RO5880 dielectric (εr = 2.2, and tan δ = 0.0009) with a thickness of 0.254 

mm is used as the constituent dielectric substrate for the antenna. The dimensions of the patch 

and dipole are chosen such that each element radiates at 28 GHz. The overall structure size is 

15 mm  45.7 mm, which corresponds to 1.4  4.26,  being the operating wavelength at 28 

GHz. A high frequency connector model (which has been used during the measurement) has 

been used in the simulation for accuracy.  

 

Figure 6.1: Illustration of the proposed five-port MIMO antenna design: (a) top view, and (b) 

bottom view. The optimized dimensions are as follows: lf = 4, wf = 0.77, lt = 1.6, wt = 0.2, lr = 

3.5, wr = 3.35, c = 0.55, lm1 = 9.5, wm = 0.7, lm2 = 5.1, lm3 = 2.4, lm4 = 8.8, lm5 = 1.45, and Wg = 

23 (units: mm).   

The simulated S-parameters for each port of the proposed MIMO antenna system are shown 

in Figures 6.2(a)-(e). The simulated -10 dB fractional impedance bandwidths (FIBWs) of the 

LP antennas at Ports 1 and 3 are obtained 21.05 and 25.00%, respectively, while the FIBWs of 

4.28, 3.58, and 3.54% are attained for CP antennas at Ports 2, 4, and 5, respectively, each of 

which is computed at 28 GHz. The isolation parameters between various ports are found lower 

than 24 dB at the operating frequency, without any additional isolation enhancement method. 

This is primarily because of the intrinsic benefit of pattern diversity among five antennas. The 
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LP/CP pattern diversity is achieved between the adjacent ports 1 and 4, 3 and 5, whereas the 

RHCP/LHCP diversity is realized between the other sets of neighboring ports 2 and 4, 2 and 5. 

Ports 1 and 3 exhibit nearly identical resonance characteristics and fractional bandwidths due 

to their symmetric placement at the ends of the substrate. Similarly, Ports 4 and 5 show 

consistent characteristics owing to their symmetrical positioning. However, variations between 

Port 2 and Ports 4/5 arise from differences in polarization (LHCP vs. RHCP), mutual coupling 

conditions, and differences in feed orientation. The axial ratios of the CP antennas (Ports 2, 4, 

and 5) are depicted in Figure 6.2(f). 
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Figure 6.2: The simulated S-parameters of the proposed MIMO antenna system when: (a) Port-

1, (b) Port-2, (c) Port-3, (d) Port 4, and (e) Port 5 are individually excited. (When one port is 

excited, others are terminated with matched loads). (f) Simulated axial ratio, when Ports 2, 4, 

and 5 are individually excited. (g) Simulated peak realized gain and (h) radiation efficiency, 

when all ports are individually excited.  

The peak realized gain and radiation efficiency of individual ports are also plotted in Figures 

6.2(g) and 6.2(h), respectively. It is observed that the operating gain varies between 6.8 to 7.01 

dBi for LP antennas (Ports 1 and 3), whereas the gains of the CP antennas (Ports 2, 4, and 5) 

range from 6.2 to 9.05 dBic at 28 GHz. The radiation efficiency in each port also varies from 

89% to 97% at the resonance frequencies.   

Table 6.1: Impedance BW, Axial Ratio BW, and Isolation between Various Ports 

Port 

Number 
IBW (GHz) FIBW (%) ARBW (GHz/%) 

Isolation: Better 

than/Max (dB) 

1 26.0-32.0 21.05 NA 25.00/61.00 

2 27.2-28.4 4.28 0.45/1.60 27.70/36.45 

3 26.1-32.0 21.05 NA 35.00/59.80 

4 27.5-28.5 3.58 0.35/1.25 24.43/59.80 

5 27.7-28.7 3.54 0.30/1.07 22.00/43.67 

FIBW: Fractional impedance bandwidth; NA: Not applicable (for LP antennas, ARBW is NA) 

The 3-dB LHCP axial ratio bandwidths (ARBWs) range from 27.85-28.25 GHz (0.4 GHz) 

for Port 2. Similarly, the 3-dB RHCP ARBW of Ports 4 and 5 are 27.9 - 28.2 GHz and 27.85-

28.25 GHz. All the responses are summarized in Table 6.1.  
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Figure 6.3: Phase variation of surface current distributions at 28 GHz, when Port-2 is fed: (a) 

ωt=0∘, (b) ωt =90∘, (c) ωt =180∘, and (d) ωt =270∘. Phase variation of surface current 

distribution at 28 GHz, when Port 4 and 5 are fed: (e) ωt=0∘, (f) ωt =90∘, (g) ωt =180∘, and (h) 

ωt =270∘. 

The current distributions at different ports are illustrated in Figure 6.3 to analyze the 

antenna’s polarization characteristics. The surface currents are observed in Figures 6.3(a)-(d) 

on Port 2 patch antenna at 28 GHz. The current direction undergoes clockwise rotation while 

varying the phase from 0° to 90°, and therefore emits an LHCP radiation in the direction 

perpendicular to the antenna. Similarly, the current distribution on Port 4 antenna is checked at 

28 GHz, as depicted in Figures 6.3(e)-(h). As the phase is altered from 0° to 90°, the current 

vector rotates anticlockwise; hence, Port 4 antenna radiates RHCP in the broadside direction. 

Port 5 has a likewise RHCP behavior owing to its similarity to Port 4 antenna topology. 

6.2. Fabrication and Measurement 

 

Figure 6.4: Photograph of the fabricated prototype: (a) top view, (b) bottom view. (c) 

Measurement setup of the proposed MIMO antenna in an anechoic chamber. Inset shows the 
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reference antenna and test antenna. During measurement of each port, all other ports are 

terminated with 50  matched loads.  

The proposed MIMO antenna geometry has been fabricated using standard milling 

technology in LPKF Protomat S104 equipment. The top and bottom views of the prototype are 

shown in Figures 6.4(a) and 6.4(b), respectively. SMA connectors (model no. 1092-01A-11 

from Southwest) with operating frequencies up to 40 GHz are used in the design. A vector 

network analyzer (S820E from Anritsu) has been used to measure various antenna parameters 

and compare them with those of the simulated results.  

The measured S-parameters for each port of the proposed MIMO antenna system are shown 

in Figures 6.5(a)-(e). The -10 dB fractional impedance bandwidths (FIBWs) of the LP antennas 

at Ports 1 and 3 are measured 21.05% and 25.00%, respectively, while the FIBWs of 3.07%, 

5.85%, and 4.81% are attained for CP antennas at Ports 2, 4, and 5, respectively, each of which 

measured at 28 GHz. Although the measured and simulated responses are not overlaid in Figure 

6.5 to avoid visual congestion, an agreement is observed across all ports. Some discrepancies 

in return loss depth and isolation, when compared with the simulated plots in Figure 6.2, are 

evident; however, such variations can be attributed to fabrication tolerances, connector 

parasitic effects, and measurement setup influences. Despite these differences, the measured 

results successfully validate the antenna’s key performance parameters, including impedance 

bandwidth, and inter-port isolation. 

The axial ratio, as well as, radiation patterns of the fabricated MIMO antenna have been 

measured inside an anechoic chamber and the setup is illustrated in Figure 6.4(c). One standard 

gain LP horn antenna (18-40 GHz) has been used as the reference antenna for computing those 

experiment data. The measured 3-dB axial ratio bandwidths (ARBWs) range from 27.59-28.15 

GHz (0.56 GHz) for Port 2. Similarly, the measured 3-dB ARBW of Ports 4 and 5 are 27.64 -

28.05 GHz and 27.58- 28.14 GHz, respectively. Ports 1 and 5 exhibit LP responses, and hence 

AR parameters are not applicable for those cases.  

Afterward, the radiation patterns have been measured for the fabricated MIMO antenna 

across different ports. Owing to the absence of any CP antenna, the same reference LP antenna 

has been used to measure the radiation patterns for all the ports. An innovative procedure has 

been adapted to use the LP antenna in measuring the antenna parameters for different CP 

conditions (LHCP and RHCP). The measured radiation patterns in two principal planes (xz and 

yz planes) for each port are plotted in Figure 6.6. Both LP dipole antennas (Ports 1 and 3) 

https://mpd.southwestmicrowave.com/product/1092-01a-11-endlaunch-2-92-k-40ghz-jack-f-extended-length-panel-mount-narrow-block-350/
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radiate in the end-fire directions (θ = 90∘, ϕ = 270∘) with a prominent difference between the 

co-and cross-polarizations. In contrast, the LHCP radiation from the Port 2 patch antenna is 

directed towards the broadside (θ = 0∘). The other two antennas (Ports 4 and 5) radiate RHCP  

 

Figure 6.5: The measured S-parameters of the fabricated MIMO antenna system when: (a) Port-

1, (b) Port-2, (c) Port-3, (d) Port 4, and (e) Port 5 are individually excited. (When one port is 

excited, others are terminated with matched loads). (f) Measured axial ratio, when Ports 2, 4, 

and 5 are individually excited. 
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behaviors in the perpendicular direction, and owing to their similarity, responses from Port 4 

are only presented. The plots indicate that the proposed MIMO antenna exhibits bidirectional 

(±y-axis) end-fire characteristics as well as broadside (+z-axis) RHCP/LHCP responses at 28 

GHz. It is noteworthy that Ports 4 and 5 bearing similar responses, responses from only one of 

them has been presented. The simulated radiation patterns are simultaneously presented along 

with the measured responses and a notable agreement is witnessed. Slight deviations in the 

results, although lying within tolerable limits, can be attributed to manufacturing imperfections 

and measurement errors. 

 

Figure 6.6: Simulated and measured normalized radiation pattern plots at 28 GHz in xz-plane: 

(a) port 1, (b) port 2, (c) port 3; (d) port 4 (= 5), and in yz-plane: (e) port 1, (f) port 2, (g) port 

3, and (h) port 4 (= 5). 

6.3 MIMO System Performance 

To better understand the diversity performance of the proposed antenna, different MIMO 

performance matrices, such as envelope correlation coefficient (ECC), total active reflection 

coefficient (TARC), mean effective gain (MEG), and channel capacity loss (CCL) have been 

evaluated and experimentally verified. The simulated values of ECC at 28 GHz between any 

two ports of the proposed MIMO antenna are well below 0.1, as shown in Table 6.2. 
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Table 6.2: ECC between Various Ports of MIMO Antenna  

Freq. (GHz) ECC12 ECC13 ECC14 ECC15 ECC24 ECC45 

27.8 9.52 × 10-3 3.67 × 10-3 6.07 × 10-3 3.01 × 10-3 5.97 × 10-3 1.56 × 10-2 

28 9.75 × 10-3 3.67 × 10-3 6.89 × 10-3 3.43 × 10-3 1.02 × 10-2 1.40 × 10-2 

28.2 9.82 × 10-3 3.36 × 10-3 7.99 × 10-3 3.56 × 10-3 1.50 × 10-2 1.43 × 10-2 

Figure 6.7: Performance specifications of the proposed MIMO antenna: (a) TARC, (b) MEG, 

and (c) CCL. 

In the proposed configuration, the TARC responses between two adjacent ports (between 

ports i and j, when other ports are matched; i  j = 1, 2, 3, 4, 5) as well as among all five ports 

(when no port is matched and all ports are simultaneously transmitting) are presented in Figure 

6.7(a). A close similarity between the two-port response (TARCij) and the overall five-port 

response (TARC12345) indicates a good performance of the MIMO system. While considering 

the responses for two-port system, only neighboring antennas are considered for proper 

visualization. The measured responses are also in close conformity with the simulated curves.  



91 
 

For a good diversity performance, the ratio of MEG between two ports (i and j) should be 

below 3 dB, i.e. |MEGi/MEGj| < ± 3 dB over the entire operating band. It is observed from 

Figure 6.7(b) that the MEG ratios between different ports lie much below 3 dB, thereby 

satisfying the MIMO performance.  

The simulated and measured CCL responses between different ports are calculated, as 

shown in Figure 6.7(c), and all of them are obtained within the anticipated value (< 0.5 

bits/seconds/Hz). The simulated and measured responses conform to each other over the 

frequency band.  

6.4 Conclusion 

This chapter presented a compact five-port mm-wave MIMO antenna operating in the n257 

band (26.5–29.5 GHz) that integrates polarization and pattern diversity within a single 

structure. The antenna combines circularly and linearly polarized elements to enhance link 

reliability and mitigate multipath fading. It achieves high isolation (>22 dB), radiation 

efficiency up to 97%, and balanced gain across all ports. The low ECC (<0.02) and minimal 

channel capacity loss (<0.5 bits/s/Hz) confirm excellent MIMO diversity performance. The 

work has also been compared with several reported mm-wave MIMO designs operating around 

28 GHz in Table 6.3. The distinctive merits of the proposed geometry in terms of its diversity 

capabilities (both polarization and pattern diversity), compact profile, and key performance 

parameters (large gain, high isolation, and low correlation coefficient) clearly establish the 

novelty and practical relevance of this work in the context of 5G and beyond mm-wave wireless 

communication systems. 
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Table 6.3: Comparison with Reported LP/CP 28 GHz MIMO Antennas 

Ref. Port 
Overall 

size (2) 

Freq 

range 

(GHz) 

FBW 

(%) 

 

Isolati

on 

(dB) 

ARABW 

(GHz) / 

ARFBW 

(%) 

Pattern/ 

Pol. 

diversit

y 

PRG 

(dBi/dBic) 

Max 

ECC 
LP/CP 

[134] 4 1.0 × 1.0 
24.50 – 

31.00 
23.40 > 30 

25-

29.6/16.8 
No/No 7*/11# 0.015 CP 

[127] 4 
0.93 × 

0.93 

25.00 – 

33.00 
27.60 > 25 26-31.3/17 No/Yes 7.5*/14.1# 0.008 CP 

[123] 2 
2.71 × 

1.06 

27.00 – 

29.00 
7.14 NR NA No/No 11.7 NR LP 

[134] 4 
2.8 × 

3.27 

25.50 – 

29.60 
14.64 > 17 NA No/No 8.3 0.01 LP 

[135] 4 
1.04 × 

1.00 

25.9-27.8 

47.1-49.9 

7.07 

5.77 
> 27 NA No/ No > 6 < 10-6 LP 

[136] 4 
0.39 × 

0.39 

3.4-3.6 

5.15-5.36 

5.7 

3.8 
> 19.2 NA No/ No 

1.3 

2.7 
0.002 LP 

[137] 2 
1.87 × 

2.59 

26.90 – 

30.70 
13.20 > 37 

27.31-

29.65 /8.3 
No/Yes 11.86 

0.0002

5 
CP 

[138] 2 
5.39 × 

3.60 

23.61 – 

33.30 
34.10 > 30 

28.35-

31/8.93 
No/Yes 11 0.001 

RHCP/ 

LHCP 

[70] 2 
1.91 × 

1.12 

25.5- 

29.5 
14.55 > 35 

25.2-

28.3/11.59 
No/Yes 8.1 NR 

RHCP/ 

LHCP 

[139] 4 
4.01 × 

4.90 
34.4-42.5 21.06 > 16 

36.14-

38.25/ 5.67 
No/Yes 18.5 0.003 

RHCP/ 

LHCP 

This 

work 
5 

1.4  

4.26 

25.00 – 

31.00 

(Ports 1, 

3) 

21.05 

(Ports 

1, 3) 

> 25 

(Ports 

1, 3) 

NA 

Yes/ 

Yes 

6.8-7.01 

(LP) 
0.003 

LP 

(end-

fire) 

27.34 – 

28.20 

(Ports 2, 

4, 5) 

3.07 

(Ports 

2, 4, 5) 

> 22 

(Ports 

2, 4, 5) 

27.64 -

28.05 /1.47 

6.2-9.05 

(CP) 
0.014 

RHCP

/ 

LHCP 

(broad

side) 

PRG: Peak realized gain; *: Gain without PRS or metasurface; #: Gain with PRS or 

metasurface; NA: Not applicable; NR: Not reported 

*** 
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Chapter 7 

Reflectarray for Millimeter Wave Non-Terrestrial 

Networks 

As established in Chapter 1, reflectarray antennas provide a practical solution for Non-

Terrestrial Network (NTN) platforms, combining high gain and low profile with structural 

simplicity and design flexibility suitable for satellite, aerial, and high-altitude communication 

systems. Figure 7.1 illustrates the potential usage of reflectarray antennas in NTN scenarios. 

Building on this foundation, the present chapter focuses on the development and experimental 

validation of a wideband reflectarray antenna optimized for Ka-band (28 GHz) NTN 

applications. This work specifically addresses the critical challenges of quantization loss, 

aperture efficiency, and beam-steering accuracy encountered in mechanically reconfigurable 

reflectarrays operating at millimeter wave (mm-wave) frequencies. 

 

Figure 7.1: Potential applications of reflectarray antennas in NTN platforms. 

The proposed design employs a 31 × 31 planar arrays of metallic square-ring unit cells, each 

engineered to provide eight discrete reflection-phase states covering a full 360° range with low 

reflection loss (< 0.8 dB). The use of 3-bit phase quantization enhances phase resolution, 

reduces aperture degradation, and improves beam-forming precision compared with 

conventional 1- or 2-bit designs. The array is illuminated by an optimized 3D-printed 

pyramidal horn feed, positioned at a calculated focal distance to achieve uniform amplitude 

distribution and low spillover loss. Mechanical beam steering of up to ±20° in the elevation 

plane is accomplished by laterally translating the feed, offering a low-cost and low-loss 

approach to beam control without active tuning elements or multilayer circuitry. The fabricated 
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prototype shows close agreement between simulated and measured results, confirming stable 

beam formation and high-gain performance across the Ka-band.  

By achieving high aperture efficiency, minimal scan loss, and mechanical reconfigurability 

within a compact single-layer structure, the proposed design offers a cost-effective and scalable 

alternative to active phased-array systems for next-generation 5G/6G NTN payloads. This 

chapter presents the complete design methodology, simulation results, fabrication process, and 

measurement outcomes of the developed reflectarray antenna. 

7.1 Unit Cell Topology 

 

                         (a)                                              (b)                                                    (c) 

Fig. 7.2: Geometry of the proposed unit cell: (a) top view, (b) isometric view. (c) Equivalent 

circuit model of the unit cell. Dimensions: 𝑙1= 3.2 mm, h = 0.797 mm. 

Figure 7.2(a) presents the design and equivalent circuit model (ECM) of the proposed unit 

cell geometry, which consists of a metallic square ring printed on an RT/Duroid 5880 substrate 

(εr = 2.2, tanδ = 0.0009), backed by a full metal ground. During plane wave incidence, surface 

currents flow through the ring in a closed loop, thereby generating an equivalent inductance 

(L), while an equivalent capacitance (C) is formed between adjacent unit cells. A small 

resistance (R) arises due to the finite conductivity of copper. In the equivalent circuit model 

(ECM), the dielectric substrate is represented as a transmission-line segment, whereas the 

ground plane is modeled as a short-circuit line, as shown in Fig. 7.2(c). For simplicity, the 

horizontal coupling effects (perpendicular to the E-field direction) and the effects arising from 

the right-angle bends in the ring are neglected in this analysis [90]. Thus, the input impedance 

of the unit cell can be expressed as: 

𝑍𝑖𝑛 = [𝑅 + 𝑗𝜔𝐿 +
1

𝑗𝜔𝐶
] ∥ [𝑗

𝑍0

√𝑟

𝑡𝑎𝑛(𝑑)]                                              (7.1) 
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where  is the phase constant and d is the electrical length of the substrate. The equivalent 

circuit behaves as a resonant network, where the primary resonance originates from the metallic 

square ring, while the metal-backed dielectric contributes a small reactance component that 

depends on the substrate material properties and thickness. As the resonance frequency varies, 

Zin alternates between inductive and capacitive states, thereby modifying the phase response. 

This mechanism enables the generation of discrete phase values by appropriately varying the 

geometric dimensions of the proposed unit cell. 

The circuit model is designed in ADS software, and the circuit parameters are extracted 

using a curve-fitting method, yielding L = 0.646 nH, C = 0.1 pF, and R = 0.2 . The close 

agreement between the numerical results and HFSS simulations validates the accuracy of the 

proposed ECM. The model is primarily used as a design aid to capture the resonant behavior 

of the square-ring unit cell and to estimate its initial dimensions. Although the detailed values 

correspond to a specific unit cell, the same ECM topology applies to other unit cells derived 

for phase modulation, with only minor variations in parameter values that shift the reflection 

phase. Once these approximate values are determined, full-wave simulations are employed for 

the final optimization of all unit cells. This hybrid approach is widely adopted in reflectarray 

design, as it significantly reduces computational effort while maintaining close agreement 

between ECM predictions and full-wave results. 

 

(a) (b) 

Figure 7.3. Variation of reflection coefficient: (a) magnitude and (b) phase for different values 

of a and b of the proposed unit cell at 28 GHz. 

In the proposed reflectarray, only the square-ring dimensions (a and b) are parametrically 

varied to achieve phase modulation, while other parameters, such as the unit-cell period (l1) 

and substrate height (h), are kept constant. Figures 7.3(a) and 7.3(b) show the reflection 

amplitude and phase responses, respectively, at 28 GHz for different values of a and b. By 
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jointly varying these dimensions, a full 360° phase tuning range is achieved. The reflection 

amplitude remains high (> 0.98) across the range, confirming the low-loss nature of the unit 

cell. Furthermore, the phase variation exhibits near-linear behavior over certain intervals, 

facilitating discrete phase quantization. These results demonstrate the design flexibility of the 

unit cell and validate its suitability for implementing the quantized phase modulation scheme. 

Eight different unit cells with a 45o phase difference are then selected by varying the 

dimensions of a and b, thereby realizing the 3-bit quantized phase modulation scheme. This 

discretization simplifies design and fabrication, reduces sensitivity to manufacturing 

tolerances, and requires less effort compared to continuously varying unit dimensions, while 

incurring only negligible quantization loss. Figures 7.4(a) and 7.4(b) show the reflection 

magnitude and phase responses of the eight unit cells, while Table 7.1 lists their corresponding 

dimensions. It is observed in Fig. 7.4(b) that the simulated reflection phase responses do not 

maintain perfectly parallel curves with constant 45° spacing across the entire frequency range. 

This is inherent to the dispersive nature of passive resonant unit cells, whose reflection phase 

varies nonlinearly with frequency. In this work, the unit cells were optimized to achieve 45° 

phase spacing at the design frequency of 28 GHz. As the frequency deviates from this center 

value, the phase spacing naturally becomes non-uniform due to dispersion effects. Moreover, 

each unit cell was independently designed to achieve its target phase at 28 GHz rather than 

being co-optimized as a set across the full band, resulting in slight convergence or divergence 

of phase curves away from the design frequency. Such non-ideal spacing is typical in quantized 

reflectarray designs and does not significantly affect the beamforming performance within the 

operational bandwidth. 

 

Figure 7.4. (a) Reflection magnitude, and (b) reflection phase of eight different unit cells. 
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Figure 7.5: Sensitivity of the proposed unit cells at an oblique angle of incidence: (a) Unit Cell-

1, (b) Unit Cell-2, (c) Unit Cell-3, (d) Unit Cell-4, (e) Unit Cell-5, (f) Unit Cell-6, (g) Unit Cell-

7, (h) Unit Cell-8. 
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Table 7.1: Dimensions of the corresponding unit cells 

Phase 

(deg) 
a (mm) b (mm) 

Unit cell 

no 

Phase 

(deg) 
a (mm) b (mm) 

Unit 

cell no 

0 0.8 2.7 UC1 180 0.4 1.7 UC5 

45 0.9 2.5 UC2 -135 0.4 1 UC6 

90 0.9 2.1 UC3 -90 2.5 2.8 UC7 

135 1.2 1.9 UC4 -45 1.7 2.7 UC8 

 

The angular stability of the designed unit cells is evaluated by varying the incidence angle, 

with results shown in Figures 7.5(a–h). It can be observed that all unit cells maintain the 45° 

reflection phase separation up to an incidence angle of 20°. Owing to their axial symmetry, the 

unit cells also exhibit polarization-independent behavior. For incidence angles beyond ±20°, 

however, the reflection phase of certain unit cells deviates from the 45° separation, indicating 

increased angular sensitivity. While this does not significantly affect the performance within 

the intended beam-steering range (±20°), additional tuning or compensation would be required 

for larger scan angles. 

7.2 Reflectarray Antenna Design 

When a planar reflectarray aperture, composed of P × Q sub-wavelength reflecting elements 

is excited by a feeding source, the reflected electric field 𝐸𝑟𝑒𝑓(𝑟), magnetic field 𝐻𝑟𝑒𝑓(𝑟), and 

power 𝑃𝑟𝑒𝑓(𝑟) from the reflectarray at an observation point r can be expressed as [114]. 

                               𝐄𝐫𝐞𝐟(𝐫) = ∑ ∑ |𝑅(𝑝, 𝑞)|𝐄𝐢𝐧𝐜(𝐫𝒑𝒒)𝑒−𝑗𝜙(𝑝,𝑞)𝑄
𝑞=1

𝑃
𝑝=1 𝑒𝑗𝑘𝐫𝑝𝑞.𝐫                          (7.2) 

                                    𝐇𝐫𝐞𝐟(𝐫) =  
1

𝜂0
 𝒌̂  ×  𝐄𝐫𝐞𝐟(𝐫)                                                                          (7.3) 

                                 𝐏𝐫𝐞𝐟(𝐫) =  
1

2
 ℜ [𝐄𝐫𝐞𝐟(𝐫)  × 𝐇∗

𝐫𝐞𝐟(𝐫)]                                                           (7.4) 

Where, Einc(𝑟𝑝𝑞) is incident electric field from the feed at the position of the unit cell 𝑟𝑝𝑞, 

|𝑅(𝑝, 𝑞)|is reflection amplitude of unit cell and 𝑒−𝑗𝜙(𝑝,𝑞) is phase shift introduced by unit cell 

at (𝑝, 𝑞) and 𝑒𝑗𝑘𝐫𝑝𝑞.𝐫 is phase factor accounting for the radiation from the unit cell to the far 

field observation point in direction 𝑟̂.    



99 
 

It is evident from Equations (7.2) - (7.4) that the characteristics of the reflected power can 

be adjusted by modifying the phase distribution on the reflecting surface. Furthermore, the 

required reflection phase distribution of each element, φ(𝑝, 𝑞) must be designed such that the 

phase of the reflected field from each element maintains a uniform phase delay between the 

feed source and observation point [91]. This condition is crucial for achieving the desired beam 

orientation and can be determined using (7.5).   

 𝜑(𝑝, 𝑞) =  −𝑘 [√(𝑝 − 𝑥𝑓)
2 

+ (𝑞 − 𝑦𝑓)
2

+(𝑧 − 𝑧𝑓)
2

− (𝑝𝑠𝑖𝑛𝜃0𝑐𝑜𝑠𝜑0 + 𝑞𝑠𝑖𝑛𝜃0𝑠𝑖𝑛𝜑0 +

                                                                                                                           𝑧𝑐𝑜𝑠𝜃0) ]               (7.5) 

Here, (𝑝, 𝑞, 𝑧)  and (𝑥𝑓 , 𝑦𝑓 , 𝑧𝑓) denote the unit cell position and feed position respectively, 

while (𝜃0, 𝜑0)  define the desired beam direction in the azimuthal and elevation planes, 

respectively. k is the free space wave number. 

 

Figure 7.6: (a) Required Continuous reflection phase distribution plot for the radiated beam at 

θ = 0° and φ = 0° and its (b) 3-bit quantized reflection phase distribution plot. 

For the broadside radiation, the required reflection phase profile is obtained directly from 

Equation (7.5) by substituting the coordinates of the focal feed. When the feed is laterally 

displaced to realize off-axis beams (±20°), the path length between the new feed position and 

each unit cell changes accordingly. By substituting these updated feed coordinates into 

Equation (7.5), a new phase distribution is automatically calculated, ensuring that the reflected 

wavefronts combine coherently in the desired steered direction. Thus, the same mathematical 

formulation governs both broadside and tilted beams, and beam steering is realized by 

repositioning the feed without modifying the unit cell configuration. 
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To realize the required phase profile for beam-steering operation, different unit cells with 

appropriate phase compensation values are positioned at designated locations. Figure 7.6(a) 

illustrates the continuous reflection phase distribution for broadside radiation (θ = 0°,  = 0°). 

However, realizing a large number of unit-cell structures to match each small phase variation 

and subsequently fabricating them is highly challenging. To address this, the continuous phase 

distribution is discretized into a 3-bit phase profile with eight distinct phase levels (-180°, -

135°, -90°, -45°, 0°, 45°, 90°, and 135°), as shown in Figure 7.6(b). 

7.2.1 Design of Feed Horn Antenna 

 

                        (a)                                                                         (b) 

Figure 7.7: (a) General setup of the proposed reflectarray antenna fed by a horn antenna. (b) 

Schematics of the designed 3D printed horn antenna, with dimensions ℎ𝑓1= 13.05, ℎ𝑓2 = 19.89, 

ℎ𝑙1= 5.6, ℎ𝑙2= 24, ℎ𝑤1 = 3, and  ℎ𝑤2 = 18.53 (Units: mm). 

The planar reflectarray geometry developed using the phase modulation technique requires 

a feed source positioned appropriately to radiate the reflected beam in the desired direction. A 

Ku-band pyramidal horn antenna, as depicted in Figure 7.7, is employed as the feed. The 

antenna is designed using conventional design equations, where D represents the reflectarray 

aperture dimension and F denotes the distance between the feed source and the reflectarray. A 

3-D printer compatible material ABS 400 is is used as the structural medium, with a silver 

coating applied to both the inner and outer surfaces. The metal layer thickness is chosen to be 

sufficiently larger than the skin depth at the operating frequency, ensuring negligible 

conduction loss. The detailed dimensions are provided in the caption of Figure 7.7. The 

aperture blockage of the horn antenna used in the configuration is only 1.4% of the reflectarray 
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area, which is within acceptable limits and has negligible effect on gain or patterns. Moreover, 

the horn provides a well-defined illumination taper that reduces spillover and sidelobes, 

outweighing the minor blockage introduced. 

 

Figure 7.8. Simulated and measured normalized radiation pattern for the horn antenna in (a) E-

plane and (b) H-lane at 28 GHz, (c) curve fitting of the normalized radiation pattern for the 3D 

printed horn feed antenna. (d) Spillover (η𝑠), edge taper (η𝑡), and aperture efficiency (η𝑎𝑝) 

for various values of subtended angle (2α). 

The antenna structure is analyzed using Ansys HFSS 2025 R1. The normalized radiation 

patterns in the E- and H-planes are shown in Figures 7.8(a) and 7.8(b), respectively, indicating 

a beamwidth of 32.3o in both planes. The far-field characteristics of the horn exhibit an 

axisymmetric power pattern approximated by 𝑐𝑜𝑠𝑛(θ) [13], where n is a positive real number. 

In this design, n = 21, determined through curve fitting of the simulated results, as illustrated 

in Figure 7.8(c). The determination of an optimum angle subtended from centre of horn to the 

sides of reflectarray (α = 𝑡𝑎𝑛−1 (
𝐷

2𝐹
)) is a crucial parameter to achieve the highest possible 

aperture efficiency (η𝑎𝑝), which is a product of edge taper efficiency (η𝑡) and spillover 

efficiency (η𝑠).  Maximizing η𝑡 requires a broad feed pattern to ensure sufficient power at the 

reflectarray edges, but this increases spillover losses. Conversely, maximizing η𝑠 demands a 
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narrower feed pattern to minimize power loss beyond the reflectarray, which reduces edge 

illumination, creating a trade-off. Different values of η𝑡 , η𝑠, and therefore maximum η𝑎𝑝 

corresponding to different α values are determined through the formulations [140] given in 

(7.6), (7.7) and plotted in Figure 7.8(d).   

                                                           𝜂𝑡 =  
2𝑛.(

1

𝑡𝑎𝑛2(𝛼)
).(1−𝑐𝑜𝑠

(
𝑛
2

−1) 
(𝛼))

2

   

(
𝑛

2
−1)

2
.(1−𝑐𝑜𝑠𝑛(𝛼))

                                         (7.6) 

                                                             𝜂𝑠 =  1 − 𝑐𝑜𝑠(𝑛+1) (𝛼)                                                         (7.7) 

Therefore, for the proposed horn feed, the maximum theoretical aperture efficiency (𝜂𝑎𝑝) is 

obtained at an optimal flare angle (𝛼) of 25∘. 

7.2.2 Design of Reflectarray with Feed Horn Antenna 

The final design consists of an assembly of the reflectarray surface and the pyramidal horn 

antenna, where the feed is subtended at an angle of 2 to achieve the desired radiation. For 

broadside radiation (θ = 0°,  = 0°), the aperture angle (2) is set to 50°, whereas for ±20° 

beam steering operation, the horn is mechanically rotated to a position of 36°. The combined 

reflectarray–horn configuration is modeled in Ansys HFSS and analyzed using the finite 

element boundary integral (FEBI) technique.  

7.3 Experimental Verification and Discussion 

To demonstrate the beam-steering operation, the proposed configuration is fabricated using 

a hybrid technique. The reflectarray surface is constructed using an LPKF Protomat S104 PCB 

prototyping machine, while the horn antenna is fabricated using a 3D printing process. Initially, 

ABS-400 material is employed in an Ultimaker 2+ 3D printer to construct the antenna outline, 

after which the inner and outer surfaces are metallized with a silver-based conductive coating. 

Prior to metallization, the printed surface is cleaned, smoothened, and primed to ensure strong 

adhesion. A commercially available aerosol silver-conductive spray, consisting of silver 

particles suspended in a polymer matrix, is then applied in multiple thin layers to provide 

uniform coverage and adequate conductivity. Following the drying process, the metallized horn 

is tested with a multimeter to verify electrical continuity and low surface resistance. Figures 

7.9(a) and 7.9(b) show the fabricated horn feed and planar reflectarray, respectively. 

After fabrication, the feed antenna is mounted above the reflectarray surface using a 3D 

printed PLA-based framework. A built-in slider mechanism is incorporated to enable 
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mechanical movement of the horn antenna along the y-axis, thereby facilitating beam-steering 

in the YZ-plane from –20° to +20°. The measurement is performed inside an anechoic chamber, 

as shown in Figure 7.9(c). The input signal is supplied to the feed horn antenna (Tx), while the 

radiated signal is received by another wideband horn antenna (Rx). Both antennas are 

connected to an Anritsu S820E vector network analyzer (VNA) for data acquisition. 

 

Figure 7.9: Fabricated Prototype of the (a) proposed horn antenna. (b) proposed reflect-array 

antenna. (c) Measurement setup inside an anechoic chamber. (d) Simulated (solid line) and 

measured (dashed line) reflection coefficients for feed source (Horn) and feed source with 

reflect-array for radiated beam at 0°, 20°, -20°.  
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Prior to evaluating the complete reflectarray configuration, the reflection characteristic of 

the 3D printed horn antenna is measured. A low reflection coefficient (S11 < -10 dB) is observed 

across a wide frequency band for both simulated and measured results at 0° as well as ±20° 

incidence angles, confirming the accuracy of the feed design. Subsequently, the normalized 

radiation patterns of the reflectarray antenna are measured and compared with simulations, as 

shown in Figures 7.10(a) and 7.10(b) for broadside radiation in the yz- and xz-planes, 

respectively. The measured 3-dB beamwidths are 5.8° and 5.76°, which are in close agreement 

with the simulated values. 

 

Figure 7.10: Simulated and measured normalized radiation pattern for feed source with reflect-

array in (a) yz-plane and (b) xz-plane at 28 GHz for radiated beam at 0°; simulated result (solid 

line) and measured result (dashed line) for both co-polarized and cross-polarized components. 

Compared with the 3-D printed horn feed patterns in Figures 7.8(a) and 7.8(b), the 

reflectarray exhibits a significantly narrower beam and enhanced directivity, achieving 

simulated and measured gain improvements of 12.6 dB and 12.4 dB, respectively. Some 

deviations between simulated and measured radiation patterns, particularly in the sidelobe 

regions, are observed in Figures 7.8 and 7.10. These discrepancies primarily arise from 

limitations in the measurement setup. The measurements were carried out in a compact antenna 

test range using a relatively coarse angular step size of 10°, with the antenna rotated manually. 

While this method is sufficient for capturing the main-beam characteristics, it produces fewer 

smooth curves and reduces the accuracy of sidelobe estimation. Additional factors, such as 

slight feed misalignment, environmental reflections, and the surface roughness of the 3-D 

printed horn, further contribute to the observed differences. Nevertheless, the main-lobe 
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characteristics, including beamwidth, pointing accuracy, and gain show close agreement with 

simulations, thereby validating the proposed design. 

 

(a)                                                                           (b) 

 

(c)                                                                           (d) 

Figure 7.11: Measured and simulated far-field radiation pattern for radiated beam at 0°, 20°, -

20° in YZ-plane at (a) 26.7 GHz, (b) 28 GHz (c) 33 GHz, and (d) 38 GHz. 

Figure 7.11 compares the simulated and measured normalized radiation patterns in the YZ-

plane for radiated beam at 26.7 GHz, 28 GHz, 33 GHz, and 38 GHz. Highly directive beams 

are generated along the broadside direction, as well as at ±20° in the E plane, with measured 

side lobe levels between -17 dB to -23 dB. The measured results closely align with the 

simulations, demonstrating the effectiveness of the design approach. This consistency is 

primarily attributed to the optimized unit cell design, which accounts for compact volume, 

polarization insensitivity, oblique incidence tolerance, and the precise determination of the 

optimum subtended angle (2α) based on the feed source’s illumination pattern. Beam squint 

refers to the deviation of the main beam from its intended pointing direction as the operating 

frequency shifts away from the designed center frequency. This is inherently present in 
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wideband reflectarray antennas due to the frequency-dependent phase response of the unit cells. 

Beam squint in the proposed reflectarray is first evaluated using full‑wave simulations. 

Experimental measurements are then performed manually with a 10° angular step because of 

limitations in the test setup. Due to this coarse step size, small deviations of less than 10° cannot 

be captured in the measurements. Even with this limitation, the measured beam directions agree 

well with the expected steering positions. Simulation results, shown in Figure 7.11, confirm 

that the maximum beam squint remains below 1.5° across the operational band (26.7 GHz–

39.8 GHz), indicating that the proposed design maintains accurate beam pointing with minimal 

frequency‑dependent deviation despite the large gain bandwidth. 

 

                                     (a)                                                                          (b) 

Figure 7.12: Simulated and measured responses of the proposed reflectarray: (a) gain versus 

frequency, and (b) aperture efficiency versus frequency. 

Figure 7.12(a) shows the simulated and measured gain versus frequency for the beam-

steerable reflectarray antenna at broadside and at ±20° scan angles. The simulations predict a 

3‑dB gain bandwidth of 59.2% over the frequency range of 26.7–42 GHz. However, due to the 

limitations of the available measurement setup, experimental characterization could only be 

performed up to 40 GHz. Based on the measured data, the 3‑dB gain bandwidth of the 

fabricated reflectarray antenna extends from 26.7 GHz to 39.8 GHz, corresponding to a 

measured fractional bandwidth of 46.8%. The proposed reflectarray antenna achieves a 

maximum measured broadside gain of 27.8 dBi at 28 GHz. The measured broadside gain is 0.2 

dB lower than the simulated value, attributed to fabrication and free-space measurement errors. 

Additionally, the measured gains for beam directions of ±20° is 25.9 dBi, demonstrating a 

maximum scan loss of 1.9 dB at 28 GHz. In Fig. 12(b), the simulated and measured aperture 

efficiencies are compared across the operating frequency range of reflectarray. 
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The maximum gain (𝐺𝑚𝑎𝑥) achievable by an antenna aperture (𝐴𝑒𝑓𝑓) can be calculated using 

(1.1). The calculated 𝐺𝑚𝑎𝑥 with 𝐴𝑒𝑓𝑓  = (99.2 mm × 99.2 mm) at 28 GHz, assuming 100% 

radiation efficiency is 30.36 dB. Thus, the beam-switching reflectarray antenna with measured 

gain of 27.8 dB has 55.4% aperture efficiency. The measured gain of 27.8 dBi is 2.56 dB below 

the limit of 30.36 dB due to multiple contributing factors. Spillover and taper illumination 

losses, arising from the feed source placement, are estimated to be approximately 0.4 dB and 

0.6 dB, respectively. The 3‑bit phase quantization loss is estimated to be about 0.2 dB, while 

reflection and cross‑polarization losses are expected to contribute an additional 0.3 dB, based 

on typical values reported in the literature for similar reflectarrays. The average insertion loss 

of the unit cells is around 0.86 dB, and the remaining 0.2 dB loss is attributed to fabrication 

tolerances, slight misalignments, and measurement uncertainties. 

7.4 Conclusion 

This chapter presents a cost-effective, high-performance planar 3-bit quantized reflectarray 

antenna for beam steering and gain enhancement in the n510, n511, and n512 frequency bands 

for non-terrestrial networks. Employing a 31×31 array of unit cells within a compact 

9.27𝜆0 × 9.27𝜆0 aperture, and illuminated by a 3D-printed horn feed, the design achieves 1-D 

beam steering over a ±20° range with minimal scan loss. The fabricated prototype demonstrates 

a measured broadside gain of 27.8 dBi, a maximum aperture efficiency of 55.4%, and a wide -

3 dB gain bandwidth of 46.78%. Table 7.2 presents a comparative analysis of the proposed 

reflectarray antenna with recent advancements in similar designs, and the proposed antenna 

stands out due to its high gain, enhanced aperture efficiency, and wider 3-dB gain bandwidth. 

Furthermore, the geometry demonstrates a significant improvement in aperture efficiency 

compared to previously reported designs, owing to the adoption of 3-bit, whereas earlier 

designs had higher quantization loss due to a smaller number of bits. The combination of 

improved performance metrics and cost-effective design positions the proposed antenna as a 

strong contender for establishing reliable, high-capacity communication links in the 

challenging non-terrestrial environments. 
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Table 7.2: Comparison with Reported Millimeter Wave Reflectarray Antennas 

[Ref] 

Apertu

re area  

(0
2) 

 

Freq. 

range 

(GHz) 

F/D 

ratio 

No. 

of 

layer

s 

PRG 

(dBi) 

Beam 

steerin

g 

range 

-3 dB 

Gain 

BW 

(%) 

Scan 

Loss 

(dB) 

 

Peak 

AE 

(%) 

PR 

(bits) 

[141] 364.8𝜆0
2 27-31 0.61 3 29 ±20° 11 3.9 20.1 1 

[142] 102𝜆0
2 26.6-29 1 2 24.2 ±27° 4.7 3.7 24.5 - 

[143] 40.7 𝜆0
2 27.2-51 1 1 25 NA 

28.6 (-

2 dB) 
NR 20 1 

[144] 87.23𝜆0
2 27-29 N.R. 3 21.3 ±50° N.R. 5.9 12.5 1 

[145] 232.2𝜆0
2 28-32 N.R. 5 27.8 ±30° 13.3 3 23.2 2 

[146] 87 𝜆0
2 27.5-40 1 1 27.9 NA 35.7 NR 51.7 Cont 

[147] 282.7𝜆0
2 29-31 0.34 3D-P 25 ±50° N.R. 2.5 13 - 

[148] 250.9𝜆0
2 

25.1-

27.5 
0.87 5 29.2 ±50° 

8 (-2 

dB) 
3 27.1 2 

[149] 
104.8 

𝜆0
2 

29-35 0.66 3D-P 24 NA 18.7 NA 54 3 

This 

work 
85.9𝝀𝟎

𝟐 
26.7-

39.8 
1.07 1 27.8 ±20° 46.78 1.9 55.4 3 

PRG: Peak realized gain; PR: Phase Resolution; NR: Not Reported; NA: Not Available; 3D-

P: 3D Printed 

 

*** 
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Chapter 8 

Conclusions and Future Scope 

This thesis has systematically addressed the design challenges associated with mm-wave 

antenna systems for both terrestrial and non-terrestrial networks envisioned in 5G and beyond-

5G (B5G) communication frameworks. Starting from compact MIMO topologies and 

progressing toward high-gain reflectarray architectures, the research demonstrates a unified 

design approach that bridges device-scale integration and large-aperture beam steering within 

a single, coherent framework. 

In the first phase, compact dual-band MIMO antennas employing SRR/CSRR loading were 

realized to achieve dual-frequency operation (28 GHz and 38 GHz) with high isolation and low 

envelope correlation. The subsequent AMC-backed and Fabry–Perot cavity-based designs 

achieved significant gain enhancement and aperture-efficiency improvement, validating the 

feasibility of low-profile high-gain antennas suitable for wearable and short-range 5G front 

ends. The development of a five-port hybrid MIMO antenna further advanced this work by 

incorporating polarization and pattern diversity, thereby improving link reliability under 

multipath fading and demonstrating robust diversity characteristics with enhanced isolation. 

The final stage of this research introduced a wideband, high-gain 3-bit quantized reflectarray 

antenna for Ka-band NTN applications such as LEO/GEO satellites, UAVs, and high-altitude 

platforms (HAPs). The design achieved mechanical beam steering of ±20°, a peak gain of 27.8 

dBi, and > 55% aperture efficiency. This configuration successfully demonstrated a low-cost, 

lightweight, and energy-efficient alternative to active phased arrays, bridging terrestrial and 

non-terrestrial communication domains within an integrated 5G/6G ecosystem. 

Collectively, the work presented in this thesis contributes a set of compact, broadband, and 

high-efficiency antenna solutions that address key performance bottlenecks—mutual coupling, 

limited bandwidth, restricted scan dynamics, and fabrication complexity—while maintaining 

practical manufacturability at mm-wave frequencies. The experimental validations performed 

across multiple fabricated prototypes confirm the scalability and reliability of the proposed 

architectures for real-world deployment. Overall, the research establishes a solid foundation 

for next-generation antenna subsystems capable of enabling ubiquitous, high-capacity 

connectivity in both terrestrial and satellite-based communication infrastructures. 
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8.1 Future Scope 

While the objectives outlined in this thesis have been successfully realized, several promising 

directions can extend the presented research toward the next phase of intelligent, 

reconfigurable, and sustainable antenna technologies: 

1. Development of Electronically Reconfigurable Reflectarrays: The 3-bit quantized 

reflectarray antenna presented in Chapter 7 can be extended to an electronically tunable 

geometry by incorporating active phase-tuning elements such as p–i–n diodes, 

varactors, or MEMS switches. This modification will enable real-time electronic beam 

steering and adaptive beam shaping suitable for dynamic NTN payloads. 

2. Design of Dual-Band or Multi-Band Reflectarray Architectures: Building upon the 

single-band Ka-band reflectarray, a dual-band or tri-band configuration can be 

developed to simultaneously cover Ka, Q, and V bands, thereby enhancing frequency 

agility and enabling broadband backhaul for 6G satellite communication systems. 

3. Integration of Intelligent Control and AI-Based Optimization: Future work may explore 

intelligent reflecting surface enabled reflectarrays, where machine learning algorithms 

optimize phase distributions dynamically in response to channel conditions, enhancing 

link reliability and spectral efficiency in hybrid terrestrial-NTN environments. 

4. Realization of Conformal and Flexible Reflectarrays: Extending the current planar 

prototype to flexible or conformal geometries using advanced substrate materials will 

facilitate integration with curved satellite panels, UAV fuselages, or wearable surfaces, 

ensuring structural adaptability without compromising performance. 

5. Hybrid Beamforming and Massive MIMO Integration: The compact MIMO designs 

proposed in Chapters 4 and 6 can be scaled to massive MIMO or hybrid beamforming 

arrays, combining digital and analog control for high-capacity, spatially diverse links 

in dense 5G/6G deployments. 

6. Polarization and Frequency Reconfigurable Antennas: Future antenna prototypes can 

be designed to achieve polarization switching between RHCP, LHCP, and LP states, or 

frequency reconfiguration across multiple mm-wave bands using tunable resonant 

structures and integrated bias networks. 

7. System-Level Integration and Experimental Validation: The proposed antenna 

subsystems can be further validated by integrating them with RF front-end modules and 

baseband hardware, followed by over-the-air (OTA) performance evaluation under 

realistic NTN link conditions. 
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8.2 Closing Remarks 

The progressive antenna designs developed in this thesis—from compact dual-band MIMO 

arrays to mechanically reconfigurable reflectarrays—collectively demonstrate that structural 

innovation, electromagnetic optimization, and practical fabrication can be harmonized to 

realize high-performance mm-wave antennas. The results advance the understanding of gain–

bandwidth–compactness trade-offs, and provide experimentally verified pathways toward 

scalable and cost-effective Terrestrial/Non Terrestrial communication architectures. 

As wireless networks evolve toward intelligent, autonomous, and globally integrated 

infrastructures, the concepts and methodologies established in this work are expected to play a 

pivotal role in shaping the antenna front-ends of future 6G communication systems—extending 

seamless connectivity across terrestrial, aerial, and space borne domains. 

 

*** 
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