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A Novel 70 GHz Circularly Polarized Fully-

Planar Leaky-Wave Antenna with X-shaped slots 

for Millimeter-Wave Radar Applications 

 

Yalda Torabi 1*
 

 

Abstract- This paper presents a novel, fully planar circularly 

polarized periodic leaky-wave antenna (CP-PLWA) designed 

for wide-beam scanning in the 70 GHz band for millimeter-wave 

radar applications. A complementary split ring resonator half-

mode substrate integrated waveguide (CSRR-HMSIW) feed 

structure is employed, offering a low-loss, and readily 

manufacturable implementation. The key innovation is the 

integration of cascaded X-shaped slots within the radiating 

patch, which facilitates controlled surface current perturbation 

and optimized excitation of orthogonal E-field components, 

resulting in a significantly enhanced circular polarization 

bandwidth. This design enables backward-to-forward beam 

scanning while maintaining a fully planar, via-free architecture. 

Simulated results demonstrate a 20.1% impedance bandwidth 

(64.4–77.75 GHz), an axial ratio bandwidth exceeding 13.6% 

(66–75 GHz, AR < 3 dB), and a wide scan angle from –15° to 

+60°. A gain exceeding 13 dBi (peaking at 16 dBi) is achieved 

with a simulated radiation efficiency greater than 97%. This 

compact, fully planar design, fabricated on a Rogers RT/duroid 

5880 substrate, advances the state-of-the-art in CP LWAs for 70 

GHz millimeter-wave radar systems by simultaneously 

addressing critical limitations of prior art: achieving wide CP 

bandwidth in a planar configuration, eliminating fabrication-

via complexity, and maintaining high efficiency across a wide 

scanning range. The proposed antenna offers a promising 

solution for future high-performance radar applications 

requiring compact, wideband, and frequency-scanned 

circularly polarized radiation. 

 

Index Terms: Circularly-Polarized (CP), Leaky-Wave 

Antenna (LWA), Half-Mode Substrate Integrated Waveguide 

(HMSIW), 70 GHz band, Wide-Beam Scanning, Planar, 

Metamaterial, CSRR. 

 

I.  INTRODUCTION 

illimeter-wave (mm-wave) frequencies have emerged 

as essential for next-generation wireless systems, 

supporting multi-gigabit data rates in 5G/6G networks 

[1] while enabling high-resolution sensing for automotive and 

security applications[2]. The integration of communication 

and radar functionalities in these bands requires antennas 

with exceptional performance metrics, including wide 

bandwidth, high gain, and frequency-agile beam steering [3]. 

Within the mm-wave spectrum, the 70 GHz band presents 

distinct advantages over the adjacent 60 GHz band, which 

suffers from high atmospheric attenuation due to oxygen 

absorption  [4]. The 70 GHz window offers relatively lower 

path loss while maintaining the benefits of a wide available 

bandwidth, making it increasingly attractive for both 

communication and radar applications [5].  

To exploit this potential, Leaky-Wave Antennas (LWAs) 

have emerged as a leading candidate. Unlike complex phased 

arrays that require costly phase shifters, LWAs possess the 

unique ability to steer the main beam continuously from 

backward to forward angles simply by sweeping frequency 

[6-10]. This inherent frequency-scanning capability allows 

for simplified, high-gain, and low-cost radar architectures 

perfectly suited for mass production. 

Substrate integrated waveguide (SIW) technology has 

emerged as a promising platform for mm-wave antenna 

design, combining the advantages of rectangular waveguides 

with planar circuit fabrication [11]. SIW-based leaky-wave 

antennas (LWAs) are particularly attractive for frequency-

scanning applications due to their inherent beam-steering 
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capability, high directivity, and relatively simple feeding 

structures [12, 13]. The half-mode SIW (HMSIW) variant 

further reduces the antenna footprint by approximately 50% 

while preserving most electrical characteristics, enabling 

more compact designs [14, 15]. 

However, a critical limitation in existing LWA 

technology restricts its practical deployment in modern radar 

systems. Radar systems operate in dynamic environments 

where Circular Polarization (CP) is mandatory to suppress 

multi-path interference and mitigate polarization mismatch 

losses [16]. Linear Polarization (LP), unfortunately, is 

susceptible to severe signal fading in these scenarios.  

This creates a significant gap in the current state of the art, 

characterized by a trade-off between structural simplicity and 

polarization performance. For instance, while recent PCB-

based LWAs have achieved compact footprints and beam 

scanning [17, 18], they are predominantly limited to LP, 

rendering them less effective for robust sensing applications 

despite their structural advantages. 

Conversely, designs that successfully achieve wideband 

Circular Polarization often resort to bulky 3D-printed 

structures [19] or complex multi-layer technologies like 

Continuous Transverse Stub (CTS) arrays [20], which negate 

the low-profile and low-cost advantages required for mass 

production. Although some dielectric-based antennas have 

successfully demonstrated CP radiation [16], they typically 

exhibit a severely restricted scanning range (e.g., less than 

20°), limiting their field of view. 

Furthermore, the realization of fully planar CP structures 

at 70 GHz remains a formidable challenge. Conventional 

SIW designs rely on metallic vias, which introduce 

fabrication complexity and increased losses at these 

frequencies. While earlier attempts to utilize metamaterial-

inspired structures, such as Complementary Split-Ring 

Resonators (CSRRs) or Complementary Electrical LC 

Resonators (CELCs), have demonstrated the feasibility of 

planar via-free designs [21, 22], these initial explorations 

were often constrained by limited axial-ratio bandwidths, 

moderate gain levels, and a lack of a systematic analytical 

design framework, leaving a significant gap for high-

efficiency, wide-scanning planar solutions. 

Addressing these limitations, this paper presents a novel 

70 GHz fully planar CP HMSIW LWA that fundamentally 

departs from prior resonator-loaded designs. The core 

innovation lies in the introduction of cascaded X-shaped slots 

within the radiating aperture. Unlike standard slots or CELC 

resonators used in earlier literature, the proposed X-shaped 

topology provides a superior degree of freedom for 

controlling orthogonal current modes. This geometric 

innovation enables a simultaneous breakthrough in 

performance metrics: achieving a record-wide axial ratio 

bandwidth (>13.6%), a high peak gain of 16 dBi, and a broad 

scanning range of 75° (-15° to +60°). A key advancement is 

the provided comprehensive design framework, which details 

the HMSIW derivation, CRLH balance conditions, and the 

analytical relationship between X-slot geometry and CP 

performance-a systematic approach absent in prior 

optimization-based works.  By eliminating metallic vias and 

optimizing the slot configuration, the proposed design 

successfully synthesizes the high performance of bulky 

antennas with the simplicity of planar fabrication, offering a 

robust solution for future mm-wave radar applications.  
The paper is structured as follows: Section II details the 

antenna geometry and design methodology. Section III 

presents simulated results. Section IV provides a state-of-the-

art comparison. Section V discusses fabrication challenges, 

and Section VI concludes the work. 

II. ANTENNA GEOMETRY, DESIGN THEORY AND 

ANALYTICAL FRAMEWORK DESIGN 

The proposed Circularly Polarized Periodic Leaky-Wave 

Antenna (CP-PLWA) is depicted in Fig. 1(a). Its core is a fully 

planar, via-free feed line based on the Complementary Split-

Ring Resonator Half-Mode Substrate Integrated Waveguide 

(CSRR-HMSIW) concept. The key innovation lies in 

integrating cascaded X-shaped slots within the radiating patch 

to achieve wideband circular polarization. This section details 

the design evolution, analytical framework, and final 

optimized parameters. 

A. Unit Cell Configuration and Design Evolution  

The fundamental building block of the proposed leaky-

wave antenna is a periodic unit cell based on a modified 

HMSIW structure. As illustrated in Fig. 1(b), the unit cell 

consists of three key components: (1) a planar HMSIW line 

where the conventional metallic via sidewall is replaced by a 

broadside-coupled CSRR array; (2) two horizontal stubs 

extending from the main patch; and (3) three cascaded X-

shaped slots etched into the patch surface. This configuration 

achieves a fully planar, via-free structure while providing the 

necessary electromagnetic properties for circular polarization 

and beam. 

 

Fig.1. Geometry of the proposed CP-LWA based on CSRR-HMSIW 
technology: (a) Perspective view of the complete periodic antenna, (b) Top 

view of the single unit cell with design parameters, and (c) Corresponding 

equivalent LC circuit model. 
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Fig. 2. Design evolution of the CRLH unit cell: (a) Initial CSRR-HMSIW 

structure; (b) Widened topology for asymmetric elliptical polarization with a 

dominant Ex component; (c) Introduction of horizontal stubs (inter-cell gaps) 

to generate the Ey component with a 90° phase shift; and (d) Integration of 

cascaded X-shaped slots to enhance CP performance. 

 

scanning. 

 To achieve backward-to-forward beam scanning, the 

structure is designed as a composite right/left-handed 

(CRLH) transmission line. The equivalent circuit model of 

the unit cell (Fig. 1 (c)) comprises right-handed (RH) 

elements LR and CR from the HMSIW line, and left-handed 

(LH) elements CL and LL  realized by the inter-cell gaps  and 

CSRRs, respectively. Furthermore, from the radiation 

viewpoint, most of the radiation occurs along the edges of 

inter-cell gaps and the open side of CSRR-HMSIW, which 

are represented by (Rr1) and (Rr2), respectively. 

To achieve backward-to-forward scanning and CP 

radiation, the design evolves from a basic symmetric CSRR-

HMSIW (Fig. 2(a)) through three modifications. First, the 

cavity width is expanded (Fig. 2(b)) to break longitudinal 

symmetry, exciting a dominant transverse field (Ex) via shunt 

radiation. Second, horizontal stubs are introduced (Fig. 2 (c)) 

to form distinct inter-cell gaps; these serve dual purposes by 

providing the series capacitance (CL) for the LH mode and 

radiating the orthogonal longitudinal component (Ey). The 

intrinsic spatial offset between these shunt and series sources 

facilitates the quadrature phase difference required for 

circular polarization. Finally, cascaded X-shaped slots are 

etched (Fig. 2(d)) to modulate surface currents, balancing the 

orthogonal field magnitudes for wideband CP performance.  

B. HMSIW Feed Design  

The design begins with the HMSIW transmission line. For 

a substrate with relative permittivity ϵr and thickness Hs, the 

effective width 𝑊𝑒𝑓𝑓  required to achieve a specific cut-off 

frequency𝑓𝑐 for the dominant TE10 mode is given by the 

standard HMSIW relation [23]: 

          𝑊𝑒𝑓𝑓 =
𝑐

4𝑓𝑐√𝜀𝑒𝑓𝑓

                                                            (1) 

 

where c is the speed of light in vacuum and 𝜀𝑒𝑓𝑓≈ (𝜀𝑟 + 1)/2 

is the effective permittivity for the dominant mode of the 

HMSIW [24]. To guarantee single-mode operation over the 

64–78 GHz band, the cut-off frequency is chosen as fc ≈ 58 

GHz, following standard SIW/HMSIW design 

guidelines[25]. 

The physical patch width Wp is obtained by correcting the 

effective width to account for fringing fields at the open 

boundary of the HMSIW [26]: 

             𝑊𝑝 = 𝑊𝑒𝑓𝑓 − Δ𝑊                                                         (2) 

For a thin substrate, the fringing field extension ΔW can 

be approximated using the classical microstrip edge 

correction model [27]: 

         Δ𝑊 ≈
𝐻𝑠

𝜋
[ln (

2𝐻𝑠

𝑡
) + 1]                                               (3) 

where t denotes the metallization thickness. The resulting 

physical width obtained from Eqs. (1)– (3) serve as an initial 

baseline. In the proposed antenna, however, the final patch 

width is deliberately increased to  𝑊𝑝 = 2.8 mm through 

explicit electromagnetic optimization. This intentional 

widening breaks the longitudinal symmetry (Fig. 2(b)), 

enhances radiation from the open edge, and enables the 

generation of circular polarization. The patch length Lp is set 

to 1.5 mm according to the unit-cell periodicity constraints.  

C. CSRR Wall Design and Resonance Analysis 

The CSRR array functions as an effective electric wall. The 

fundamental resonance frequency of an individual circular 

CSRR unit is governed by its equivalent inductance (𝐿CSRR ) 

and capacitance (𝐶𝐶𝑆𝑅𝑅). For a CSRR with outer radius 𝑅out , 

ring width 𝐺1, and gap 𝐺2, these parameters are initially 

estimated using the analytical expressions reported in [28]: 

   𝑓res =
1

2𝜋√𝐿CSRR 𝐶CSRR 

                                                        (4) 

The inductance is mainly associated with the magnetic 

current loop of the resonator and can be approximated using 

the classical circular loop inductance expression [29], as 

adopted for CSRR structures in [28]: 

  𝐿𝐶𝑆𝑅𝑅 ≈ 𝜇0𝜋𝑅out [ln (
8𝑅out 

𝐺1 + 𝐺2

)  − 2]                                (5) 

The equivalent capacitance arises from the split gap and the 

fringing electric fields between the inner and outer rings. 

Following the gap-capacitance model and the physical 

interpretation of CSRRs reported in [28, 30], the capacitance 

can be approximated as: 

                     𝐶𝐶𝑆𝑅𝑅 ≈ 𝜀0𝜀𝑒𝑓𝑓

𝜋(𝑅out − 𝐺1/2)𝐺2

𝐺1

                   (6) 

Starting from these analytical estimates, the CSRR geometry 

is subsequently refined through full-wave electromagnetic 

optimization. The optimized dimension values (𝑅out =
0.3 𝑚𝑚, 𝐺1=0.12 mm, 𝐺2=0.15 mm, inter-CSRR spacing 

p=0.5 mm), place the array’s stopband below the operating 

frequency, ensuring that it behaves as a high-impedance wall 

within the 64–78 GHz band. 

D. CRLH Metamaterial Implementation and Balance 

Condition  

To enable continuous backward-to-forward scanning, the 

unit cell is designed as a balanced CRLH transmission line  

(Fig. 1 (c)). The inherent HMSIW structure provides the 

right-handed parameters (𝐿𝑅, 𝐶𝑅), while the CSRR array 

contributes the shunt LH inductance (𝐿𝐿).  

To realize the series Left-Handed capacitance (𝐶𝐿), the unit 

cells are separated by a gap defined by the stub lengths. While 

the central narrow bridge (width 𝑊𝑠 ) provides the inductive 

(a) (b) 

(c) (d) 

y 

x 
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connection, the dominant series capacitance is formed by the 

coupling between the adjacent edges of the main radiating 

patches. The effective gap distance between the main patches 

is approximately (g≈2Ls). Consequently, the series 

capacitance can be analytically approximated as the gap 

capacitance between two microstrip lines [31]: 

                𝐶𝐿 ≈  𝜀0𝜀𝑒𝑓𝑓
𝐿𝑠(𝑊𝑃−𝑊𝑠)

2𝑙𝑠
𝐾𝑓                                  (7) 

where 𝑊𝑃 is the main patch width, 𝑊𝑠 is the connecting 

bridge width, and  2𝐿𝑆 represents the physical separation 

between the patch edges. The term (𝑊𝑃−𝑊𝑠) represents the 

effective coupling length of the patch edges. 𝐾𝑓 is a correction 

factor accounting for the fringing fields through the air and 

substrate, which dominate the coupling due to the thin 

metallization. 

The optimized dimensions for the coupling structure are 𝐿𝑠 =
0.2 𝑚𝑚 and 𝑊𝑠=0.5 mm (stub dimensions  ( . 

The shunt LH inductance 𝐿𝐿 is provided by the CSRR wall. 

Its value is related to the CSRR’s equivalent inductance: 

                        𝐿𝐿 ≈ 𝐿𝐶𝑆𝑅𝑅                                                            (8) 

The RH inductance 𝐿𝑅 and capacitance 𝐶𝑅 are inherent to the 

HMSIW section of length d (the unit cell period) [31]: 

              𝐿𝑅 ≈
𝑍0√𝜀𝑒𝑓𝑓𝑑

𝑐
 and 𝐶𝑅 ≈

𝑑√𝜀𝑒𝑓𝑓

𝑍0𝑐
                          (9) 

where 𝑍0 is the characteristic impedance of the HMSIW line. 

The fundamental requirement for continuous scanning 

through broadside without an open stopband is the balanced 

condition of the CRLH unit cell: 

                     𝐿𝑅𝐶𝐿 = 𝐿𝐿𝐶𝑅                                                        (10) 

This condition ensures the phase constant β=0 at the target 

broadside frequency f0=67 GHz. Eq. (10) served as the key 

analytical constraint during the parametric optimization 

process, guiding the adjustment of stub dimensions (𝐿𝑠, 𝑊𝑠), 

gap (g), and CSRR parameters to achieve the desired balance. 

E. Circular Polarization Mechanism and X-Slot Design  

CP generation relies on the excitation of orthogonal modes 

with a quadrature phase shift. The widened cavity breaks 

longitudinal symmetry, creating a dominant transverse Ex 

component (shunt radiation), while the inter-cell gaps radiate 

the orthogonal Ey component (series radiation). The physical 

displacement between these radiating apertures inherently 

provides the necessary 90° phase difference. Furthermore, 

cascaded X-shaped slots perturb the surface current path to 

equalize the amplitudes of Ex and Ey, significantly extending 

the operational CP bandwidth. 

The initial slot dimensions are derived from the guided 

wavelength 𝜆𝑔 at the center frequency[31]: 

        𝐿1 ≈
𝜆𝑔

8
=

𝑐

8𝑓0√𝜀𝑒𝑓𝑓
                                                     (11)                         

After full-wave optimization, the final optimized 

dimensions of the cascaded X-shaped slots are 

W1=0.60 mm, W2=0.15 mm, L1=0.30 mm, L2=0.21 mm, 

and  S=0.5 mm. These parameters were optimized to achieve 

circular polarization with an axial ratio below 3 dB over the 

widest possible frequency range, resulting in a CP bandwidth 

of 66–75 GHz (13.6%). The cascaded slots enhance 

orthogonal mode excitation, phase control, and impedance 

bandwidth, thereby widening the CP bandwidth (axial ratio 

(AR) < 3 dB). Fig.3 illustrates the surface current (Js) 

distribution on the radiating element at various time instants 

within one period, confirming CP generation via 

anticlockwise rotation.  

1.1 F. Complete Antenna Configuration and Dispersion 

Analysis 

The complete CP-PLWA consists of N=10 identical unit 

cells arranged with a period d. Radiation occurs due to 

periodic perturbation of the CSRR-HMSIW field, exciting 

radiating space harmonics. The initial value of the period is 

obtained from the analytical broadside condition of CRLH 

leaky-wave antennas at the transition frequency f0=67 GHz (β 

= 0) [31]: 

             𝑑 ≈
𝜆𝑔

2
=

𝑐

2𝑓0√𝜀𝑒𝑓𝑓

                                                   (12) 

which is subsequently refined through full-wave 

optimization, yielding an optimized period of d = 1.8 mm.  

The propagation constant of the nth space harmonic is given 

by [31] : 

                   𝛽𝑛 = 𝛽0 +
2𝜋𝑛

𝑑
                                                    (13) 

where 𝛽0 is the fundamental mode constant. Radiation occurs 

when ∣𝛽𝑛/𝐾0∣≤1. In this design, the n=−1 harmonic is the 

dominant radiating mode. The main beam angle θ is therefore 

approximated by[31]: 

                           𝜃 ≈ sin−1 (
𝛽−1

𝑘0

)                                         (14) 

 

The dispersion characteristics (β and attenuation constant α) 

of the unit cell were extracted from a two-port full-wave 

simulation using the following relations [31]: 

   𝛽 =
1

𝑑
|𝐼𝑚 (𝑐𝑜𝑠ℎ−1 (

1 − 𝑆11𝑆22 + 𝑆12𝑆21

2𝑆21

))|              (15) 

   𝛼 =
1
𝑑

|𝑅𝑒 (𝑐𝑜𝑠ℎ
−1

(
1 − 𝑆11𝑆22 + 𝑆12𝑆21

2𝑆21
))|                   (16) 

The resulting dispersion diagram is shown in Fig. 4. A 

continuous transition at β = 0 occurs at f₀ = 67 GHz, indicating 

a balanced CRLH behavior and confirming the absence of an 

open stopband. Negative slope for f < f0 corresponds to 

backward radiation, while positive slope for f > f0  indicates 

forward radiation. 

To clarify the radiation mechanism and frequency-dependent 

beam behavior, the electric field distribution of the proposed 

CP-PLWA is examined at two representative frequencies. At 

67.15 GHz, corresponding to the broadside radiation 

condition (β = 0), the electric field exhibits a symmetric 

distribution along the antenna axis, indicating in-phase 

radiation from successive unit cells and confirming broadside 

beam formation. At 72 GHz, where β > 0, the field 

distribution shows a clear longitudinal phase progression, 

resulting in a tilted wavefront and forward beam radiation. At 

both frequencies, strong electric field concentration occurs 

around the edges of the cascaded X-shaped slots, confirming 

their role as the dominant radiating apertures.  

III. RESULTS AND DISCUSSION 

The electromagnetic performance of the proposed 

circularly polarized periodic leaky-wave antenna 
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(CP-PLWA) was investigated through full-wave simulations 

using Ansys HFSS. To ensure numerical robustness and 

enhance the credibility of the results in the absence of 

experimental validation, the key performance metrics were 

independently cross-verified using CST Microwave Studio. 

The results presented in this section correspond to the final 

optimized design and are consistent across both simulation 

platforms. 

 
Fig. 3. Surface current (Js) distribution on the radiating element (70 GHz) 

over one period, confirming RHCP generation. 

 

 
Fig. 4. Dispersion diagram for the unit cell of the proposed antenna, showing 

the balanced CRLH response with β=0 at 67.15 GHz.   

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 5. Simulated electric field distribution of the proposed CP-PLWA: (a) 
67.15 GHz, showing symmetric field distribution corresponding to broadside 

radiation (β = 0);  (b) 72 GHz, showing progressive phase distribution along 

the antenna axis, confirming forward leaky-wave radiation (β > 0).  

 
Fig. 6. S-Parameters of the proposed LWA. 

 
Fig. 7. Normalized co- and cross-polarized (RHCP and LHCP) radiation 

patterns at 67.15 GHz (YZ plane). 

A. Impedance Characteristics and Traveling-Wave Behavior 

Fig. 6 shows the simulated S-parameters of the proposed 

antenna. The reflection coefficient satisfies  ∣S11∣<−10 dB 

over the frequency range from 64.4 to 77.75 GHz, 

corresponding to an impedance bandwidth of approximately 

20.1%. The transmission coefficient ∣S21∣  remains below 

−20 dB across most of the operational band (65–75 GHz), 

indicating efficient power leakage through radiation rather 

than dissipation. 

This behavior is characteristic of well-designed leaky-wave 

structures, where low reflection and transmission levels, 

combined with minimal dielectric and conductor losses, 

enable effective radiation from the periodic apertures. The 

close agreement between HFSS and CST results, with only 

minor discrepancies near the band edges, confirms the stable 

traveling-wave operation of the CSRR-HMSIW-based 

structure. 

1.2 B. Radiation Characteristics at Broadside  

The radiation performance at the broadside frequency is 

examined at 67.15 GHz, which corresponds to the balanced 

condition identified in the dispersion analysis. Fig.7 presents 

the normalized co-polarized (RHCP) and cross-polarized 

(LHCP) radiation patterns in the YZ plane, obtained from 

both HFSS and CST. 

𝐉𝐒(𝐭 = 𝟎) 𝐉𝐒(𝐭 = 𝝉/𝟒) 𝐉𝐬(𝐭 = 𝛕/𝟐) 𝐉𝐬(𝐭 = 𝟑𝛕/𝟒) 

 

 

(a) 

(b) 
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Fig. 8. Simulated normalized LHCP radiation patterns and corresponding 

axial ratio in the YZ plane at various frequencies. 

 

Fig. 9. 3D radiation patterns of the antenna: (a) broadside pattern at 67.15 

GHz (dB scale), and (b) linear-scale patterns at 66, 67.15, 69, 73, and 73.21 

GHz showing beam scanning with frequency. 

The two solvers predict nearly identical radiation 

characteristics: the main beam is directed at 0°, and the 

cross-polarized component within the main lobe is 

suppressed by approximately 30 dB relative to the 

co-polarized component. This high level of polarization 

purity confirms the effective excitation of circular 

polarization at broadside and validates the perturbation 

mechanism introduced by the cascaded X-shaped slots. 

 

 
 

Fig. 10 Simulated radiation efficiency and realized gain of the proposed 

antenna obtained from HFSS and CST. 

1.3 C. Frequency-Dependent Beam Scanning and Axial Ratio 

Performance  

One of the key advantages of the proposed CP‑PLWA is 

its frequency‑controlled beam scanning capability. Fig. 8 

shows the simulated normalized RHCP radiation patterns in 

the YZ plane at multiple frequencies across the 66–75 GHz 

band, together with the corresponding axial ratio (AR). 

As the frequency increases, the main beam scans 

continuously from approximately −15° (backward region) at 

66 GHz to +60° (forward region) at 75 GHz. This scanning 

behavior is in excellent agreement with the theoretical 

leaky‑wave relation, Eq. (14), and is fully consistent with the 

dispersion diagram presented in Section III. Importantly, no 

open stopband is observed near broadside, which is a 

common limitation in many periodic leaky-wave antennas. 

The axial ratio remains below 3 dB throughout the entire 66–

75 GHz band, yielding a 3-dB AR bandwidth exceeding 

13.6% (9 GHz). The minimum AR occurs near the main 

beam direction, indicating that high-quality circular 

polarization is maintained over the full scanning range. 

To further validate the radiation characteristics, the three-

dimensional radiation patterns of the proposed CP-PLWA at 

multiple frequencies are illustrated in Fig. 9. Fig. 9(a) shows 

the broadside radiation pattern at 67.15 GHz. Fig. 9(b) 

presents unnormalized (linear-scale) 3-D radiation patterns at 

66, 67.15, 69, 71, and 73 GHz, clearly demonstrating 

directive radiation with a single dominant beam whose 

direction varies smoothly with frequency. 

1.4 D. Gain and Radiation Efficiency  

Fig. 10 presents the simulated realized gain and radiation 
efficiency of the proposed CP-PLWA as functions of 

frequency, obtained using HFSS and CST Microwave 

Studio. 

As shown in Fig. 9, the realized gain increases gradually with 

frequency and remains above 13 dBi across the entire 

operating band (66–75 GHz), reaching a maximum value of 

approximately 16 dBi near the upper portion of the band. The 

gain variation over the operational bandwidth is less than 

3 dB, indicating stable radiation performance during 

 

 

 

(a) 

(b) 

73GHz 

69 GHz 

71 GHz 

67GHz 
66 GHz 

(b) 
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TABLE I 

Performance Comparison with state-of-the-art Leaky-Wave Antennas. 

 

backward-to-forward beam scanning. The radiation 

efficiency is also plotted in Fig. 10, demonstrating 

consistently high values throughout the band. The 

radiation efficiency, calculated as: 

                             𝜂𝑟 =
𝑃𝑟𝑎𝑑

𝑃𝑎𝑐𝑐𝑒𝑝𝑡𝑒𝑑

                                      (17) 

remains above 97% for all frequencies, with average 

values of 98.6% and 97.8% obtained from HFSS and CST, 

respectively. 

The close agreement between the two independent 

full-wave solvers confirms the numerical robustness of the 

results and highlights the low-loss nature of the proposed 

via-free CSRR-HMSIW leaky-wave structure. 

IV. COMPARISON WITH STATE-OF-THE-ART WORKS 

To validate the proposed design, Table I compares key 

performance metrics with recent mm-wave LWAs. As 

shown, many high-gain designs [17-19] are limited to 

linear polarization (LP), reducing their reliability in radar 

applications compared to CP solutions. 

Conversely, CP counterparts often suffer from 

integration complexities or restricted fields of view. For 

instance, the dielectric image line (DIL) antenna in [16], 

while low-loss, exhibits a severely restricted scanning 

range of only 18° (−8∘ −8∘ to +10∘), limiting its utility in 

wide-angle tracking. Similarly, the volumetric parallel-

plate waveguide structure in [20] precludes seamless 

integration with planar MMICs. 

In contrast, the proposed work utilizes a fully planar, 

via-free architecture to achieve a wide continuous 

scanning range of 75° (-15° to +60°). Furthermore, 

compared to earlier planar CP attempts such as [22], the 

integration of the novel X-shaped slot topology in this 

design yields a decisive performance leap. This superior 

perturbation mechanism significantly enhances mode 

coupling, boosting the peak gain to 16 dBi and extending 

the 3-dB CP bandwidth to 13.6%. Combined with an 

exceptional simulated efficiency of >97%, this work offers 

the most robust trade-off between compactness, wideband 

CP performance, and scanning coverage among reported 

70 GHz LWAs. 

 

V. FABRICATION CHALLENGES AND PRACTICAL 

CONSIDERATIONS 

While this work is based on rigorous simulation 

validated  across two independent solvers, practical 

realization at 70 GHz  presents specific challenges that 

must be acknowledged. 

1. Critical Dimension Control: The CSRR gaps and 

the fine features of the X-shaped slots require fabrication 

precision better than 10 µm. Standard PCB 

photolithography can achieve this, but process tolerance 

and etching uniformity become critical factors that can 

shift the operating frequency and affect CP performance. 

2. Substrate Parameter Stability: The design is 

sensitive to the substrate’s dielectric constant and 

thickness. Variations in these parameters, which can occur 

between substrate batches or due to temperature 

fluctuations, must be minimized. The use of a well-

characterized, low-loss laminate like Rogers RT/duroid 

5880 is essential. 

3. Measurement Infrastructure: Experimental 

validation requires a Vector Network Analyzer (VNA) 

extending to at least 110 GHz for reliable S-parameter 

measurement. Far-field pattern and axial ratio 

characterization demands a precision millimeter-wave 

anechoic chamber with a capable positioner and a 

calibrated CP probe, which presents a significant 

infrastructure hurdle. 

The strong agreement between HFSS and CST simulations 

for key metrics (impedance matching, broadside pattern) 

provides high confidence in the design’s feasibility. This 

simulated performance serves as a critical benchmark, and 

addressing these fabrication and measurement challenges 

is the focus of ongoing work towards a physical prototype . 

VI. CONCLUSION 

This paper presents a novel, fully planar CP-PLWA for 

a 70 GHz millimeter-wave radar, featuring a wide axial 

ratio bandwidth and scanning range. A CSRR-HMSIW 

feed with integrated cascaded X-shaped slots enables 

controlled surface current perturbation for optimized 

circular polarization and backward-to-forward beam 

Ref. LWA Type 
Freq. BW 

(GHz) 

Scanning range 

(degree) 

Max Gain 

(dBi) 
Pol 

3-dB CP 

BW 

(GHz) 

Broadside 

Radiation 

Max 

Radiatio

n Effi. 

Lengt

h / λ0 

[16] Dielectric Image Line 75–85 

(11.3%) 

18° 

 (−8° to +10°) 

12.7 CP 75–85 

(11.3%) 

Yes Not 

Given 

11.1 

[17] PCB based 57-66 

(14.63%) 

40◦ 

(-28◦ to +15◦) 

17(sim.) LP  Yes 87% 

(sim) 

16 

[18] Circular series-fed 
patch array 

79-81 
(11.4%) 

63◦ 
(-78◦ to -44◦) 

(27◦ to 42◦) 

15 LP  No 85% 
(sim) 

12.7 

[19] Bulky IDW 
(3D-printed) 

50–75 (40%) 49° 
 (−9° to +40°) 

14.2 LP – Yes 75% 8.33 

[20] PPW-based CTS 

LWA + LCP 

28.3–31.8 

(11.7%) 

108°  

(−56° to +52°) 

25.5 CP 28.3–31.8 

(11.7%) 

Yes >73.4% 

(meas.) 

8.2 

[22] M-HMSIW (CELC 

loaded) 

61.2-73.4 

(18.3%) 

50◦ 

(-25◦ to +25◦) 

11.1 CP 64-70.8 

(10.22%) 

Yes 96.2% 

(sim) 

3.8 

This 

work 

CSRR-HMSIW (X-

Shaped Slots) 
64.4–77.75 

(20.1%) 
75° 

(−15° to +60°) 
>13 (max 

16) 
CP 66–75 

(13.6%) 
Yes >97% 

(sim.) 
3.6 
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scanning. Simulations show a 20.1% impedance 

bandwidth (64.4–77.75 GHz), exceeding 13.6% axial ratio 

bandwidth (AR < 3 dB), and a -15° to 60° scan angle. Gain 

exceeds 13 dBi (peaking at 16 dBi) with efficiency >97%. 

This compact, planar design offers a significant 

advancement in CP LWAs for 70 GHz radar. 
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