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Abstract—This paper presents a 2D-beam-steering antenna for 

Satcom applications based on a simplified Risley scanner, which 

consists of a leaky-wave feed and a single deflector fabricated by 

additive manufacturing. Such a configuration simplifies classical 

Risley scanners, where a source illuminates a combination of two 

prisms. The pointing direction of the radiated beam is controlled 

by the relative azimuthal positions between the leaky-wave feed 

and the deflector. The leaky-wave feed comprises a modulated 

metasurface antenna fed by a quasi-optical system to maximize its 

aperture efficiency. The angular dispersion of the metasurface is 

engineered to reduce the beam squint in the frequency band of 

interest while preserving the efficiency and compactness of the 

structure. In turn, the deflector is composed of partially dielectric-

loaded metallic waveguides, achieved through the combination of 

two additively manufactured parts. A prototype validates the 

concept showing a field of view of 360° in azimuth and 50° in 

elevation with a maximum realized gain of 25.4 dBi at broadside 

at 20.2 GHz. 

 
Index Terms—Additive manufacturing, metasurfaces, PCB, 

Risley scanner, SATCOM, terminal antennas, wide-angle steering. 

 

I. INTRODUCTION 

ATELLITE communications using Low Earth Orbit (LEO) 

constellations are attracting a strong interest for their 

capability to provide fast data connections worldwide [1]. 

However, the promised data rate and low latency of LEO 

communications require user terminals with highly directive 

beams and a large field-of-view to establish resilient links with 

fast-moving LEO satellites. In addition, user terminals should 

satisfy stringent requirements in terms of compactness, cost and 

energy consumption to fulfill the needs of the mass market. In 

this context, different beam-steering mechanisms are 

competing to address the demands of Satcom terminals, namely 

mechanical, electronic and hybrid steering [1]. Electronically-

steered antennas such as phased arrays are the most agile 

solutions, and current activities aim at reducing their cost, 

complexity and power consumption [2], [3].  
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(a) (b) 
Fig. 1. Risley scanner. (a) Classical implementation. (b) Proposed 

architecture. 

Mechanical beam-steering antennas, on the other hand, can 

allow very effective solutions, even low profile, with minimal 

movements [4]-[9]. In the context of mechanically steered 

antennas, this paper focuses on the Risley scanner [10], [11]. 

Such an architecture has the advantage of achieving a wide field 

of view without complex mechanical platforms. Fig. 1(a) shows 

the classical architecture of a Risley scanner. It consists of a 

feed and two prisms. These elements are aligned with the main 

axis of the scanner. The feed illuminates the prisms with a beam 

parallel to the axis of the scanner. The azimuthal positions of 

the prisms control the pointing direction of the radiated beam in 

azimuth and elevation [10], [11]. Although very effective, this 

solution is very cumbersome in its classical implementation 

with dielectric wedges, as shown in Fig. 1(a). 

To address this limitation, recent works have mainly focused 

on two alternative solutions. The first solution consists in using 

low-profile directive feeds realized by printed circuit board 

(PCB) technology, such as radial-line slot arrays or metasurface 

antennas [12], [13]. This way, one reduces the distance between 

the source and the first prism and, at the same time, the profile 

of the source. The second solution replaces the bulky refracting 

prisms by low-profile deflectors, with either metallic patterns 

[12]-[16] or all-dielectric solutions [17], [18]. These approaches 

rely on two rotating components to control the beam pointing 

direction.  

Recently, the new architecture shown in Fig. 1(b) has been 

proposed to further reduce the profile of the whole structure 

[19]. In that case, the first rotating prism and the feed in the 
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classical Risley configuration are replaced by a rotating leaky-

wave feed. The leaky-wave feed is based on a metasurface 

antenna and generates a tilted beam to illuminate a single prism. 

The prism is made of a discrete lens based on a phase-shifting 

surface (PSS). The relative azimuthal positions of the prism and 

the leaky-wave feed around the main rotation axis of the 

scanner control the beam pointing direction in elevation and 

azimuth as in classical Risley scanners. A field-of-view of 360° 

in azimuth and ±57° in elevation is reported at 10 GHz. The 

main advantage of the proposed architecture is the very low 

profile of about 1.1 free space wavelength at 10 GHz. However, 

the frequency dispersion of the leaky-wave feed may impact the 

field-of-view of the scanner and its instantaneous bandwidth for 

Satcom links. In other words, in classical Risley scanners the 

pointing direction of the radiated beam is only controlled by the 

azimuthal positions of the prisms. In [19], frequency also has 

an effect on the pointing direction of the radiated beam due to 

the frequency scanning behavior of the leaky-wave feed. In 

addition, a tradeoff between aperture efficiency / bandwidth / 

frequency dispersion should be found for the leaky-wave feed 

to provide a reasonable instantaneous bandwidth of the radiated 

beam for high data-rate links [1]. Instantaneous bandwidths of 

hundreds of MHz are required for Gb/s communications for 

Satcom applications. 

In this work, the simplified architecture shown in Fig. 1(b) is 

adopted to propose a novel Risley scanner, as shown in Fig. 2. 

It consists of a leaky-wave feed and a single deflector based on 

additive manufacturing.  

 

 

Fig. 2. Perspective view of the proposed Risley scanner. The angular 

orientation Ψ between the leaky-wave feed and the deflector controls the 

angle between the radiated beam and the antenna normal. 

Preliminary results for this architecture were presented in 

[20]. The leaky-wave feed comprises a linearly polarized 

metasurface [21], [22], fed by an integrated pillbox quasi-

optical beam-former [23]-[26]. The metasurface is engineered 

to minimize the frequency dispersion of the radiated beam and 

achieves an aperture efficiency exceeding 50% over the 19.2-

21.2 GHz band. The main pointing direction of the metasurface 

is chosen equal to -32° in elevation at the central frequency of 

20.2 GHz to allow a field of view of about 60° in elevation with 

the Risley scanner. A quasi-optical system based on a pillbox 

transition is adopted to illuminate the metasurface, which may 

pave the way for multiple beam radiations for resilient Satcom 

links [1]. 

The deflector combines two additively manufactured and 

complementary parts, namely an array of quad-ridged 

waveguides in Titanium, and a dielectric filling in Acrylonitrile 

Butadiene Styrene (ABS). This configuration leverages the 

potential of a hybrid deflector implementation, as an alternative 

to fully dielectric solutions [27]. The waveguides define in the 

targeted band a square lattice of 0/2 periodicity (with 0 being 

the wavelength in free space at the central frequency). This 

choice limits the impact of grating lobes, while providing 

sufficient phase excursion with a reduced frequency dispersion. 

The final 49-mm-thick deflector provides 270° phase excursion 

with only 5° of dispersion within the 19.2-21.2 GHz frequency 

band. The spacing between the leaky-wave feed and the 

deflector has been also optimized to reduce reflections for both 

Transverse Electric (TE) and Transverse Magnetic (TM) 

polarizations.  

The final size of the Risley scanner (comprising deflector and 

leaky-wave feed) is about 250 mm of diameter with a total 

thickness lower than 65 mm. Measurements demonstrate the 

capability of the system to cover a field of view of 360° in 

azimuth and 50° in elevation in the 19.2-21.2 GHz band with a 

maximum measured gain exceeding 25 dBi at 20.2 GHz. 

The paper is organized as follows. Section II presents the 

leaky-wave feed. The deflector is presented in Section III with 

a focus on the selection of the waveguide geometry and 

matching. The prototype and measurements are presented in 

Section IV. Finally, conclusions are drawn in Section V. 

II. LEAKY-WAVE FEED 

The leaky-wave feed (LWF) combines a pillbox quasi-

optical beam-former [23]-[26] and a sinusoidally modulated 

metasurface (MTS) [21], [22], which results in a compact, 

highly efficient feed. Fig. 3 shows a perspective view of the 

LWF, which consists of two stacked parallel plate waveguides 

(PPWs) accommodating the pillbox transition and the 

modulated metasurface. The pillbox transition connects both 

PPWs using a 180° bend with a parabolic profile. As a result, 

the pillbox transforms a transverse electromagnetic (TEM) 

cylindrical wavefront launched by a primary feed in the bottom 

PPW (bottom part in Fig. 3) into a planar one in the top substrate 

to illuminate the metasurface. A slotted transition (insets in Fig. 

3) ensures a smooth conversion between the TEM mode in the 

top PPW and the TM (transverse magnetic) surface wave mode 

bounded to the metasurface. In the proposed LWF, the pillbox 

has a focal distance 𝐹𝑑 = 15.1 cm, and a diameter 𝐷𝑑 = 21 cm. 

The dimensions of the primary feed, showcased in Fig. 3, are 

𝑤 = 8.5 mm, 𝑤𝑎 = 20 mm, 𝐿𝑤𝑔 = 3 mm and 𝐿ℎ𝑜𝑟𝑛 = 20 mm. 

The pillbox-based feeding approach provides high feeding 

efficiencies of the MTS, comparable to other excitation 

mechanisms such as coaxial feeds [28], [29]. In addition, it 

allows the integration of several primary sources in the pillbox 

focal plane providing a multi-beam capability for the final 

system [23]-[25]. It has been shown that modulated MTSs 

enables the introduction of complex radiative functionalities 
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[30], [31]. 

 
Fig. 3. Perspective view of the proposed leaky-wave feed. The pillbox 

layout is represented at the bottom. Insets show the modulated MTS, the 

slotted transition from the pillbox to the MTS and details of the primary 

feed. 

In our case, the MTS plays a double role: it generates a 

directive beam at a desired pointing angle and it minimizes the 

frequency dispersion of the LWF, which ensures a high stability 

of the beam over the frequency band of interest. This novel 

functionality is detailed in the following.  

A. Dispersion Analysis of the Metasurface 

We aim to reduce the frequency scanning of the beam radiated 

by the LWF. To this end, we need to find the design parameters 

of the MTS that minimize the frequency dispersion. The MTS 

is treated as a modulated capacitive sheet (penetrable) 

impedance 𝑍𝑠 = 𝑗𝑋𝑠 [30], [32], [33], with 𝑋𝑠 < 0 and a spatial 

modulation given by: 

𝑍𝑠(𝑥) = 𝑗𝑋𝑠,𝑎𝑣 [1 + 𝑀 cos (
2𝜋𝑥

𝑝
)]. (1) 

The design parameters include: the design frequency 𝑓𝑑 , the 

average sheet reactance 𝑋𝑠,𝑎𝑣 , the modulation depth 𝑀, the 

modulation period 𝑝, and the thickness 𝑑𝑠𝑢𝑏 and relative 

permittivity 휀𝑟 of the substrate. Furthermore, the combined 

effect of the capacitive sheet impedance and the grounded 

dielectric yields an equivalent inductive opaque (impenetrable) 

impedance 𝑍𝑜𝑝 = 𝑗𝑋𝑜𝑝, with 𝑋𝑜𝑝 > 0 [22], [30], [32]. 

Given the periodicity of 𝑍𝑠 in (1), the total field can be 

expressed as a sum of Floquet harmonics. The aforementioned 

design parameters can be tailored so only the 𝑛 = −1 harmonic 

enters in the visible region. Thus, the surface wave is gradually 

transformed into a LW and a directive beam is radiated. It is 

possible to analytically estimate the elevation pointing angle 𝜃0 

of the radiated beam at a given operation frequency 𝑓 as in [22], 

[23]. Then, we can study the variation of 𝜃0 within the 

frequency band of interest for different combinations of the 

MTS’ design parameters. For the angular dispersion analysis, 

we set 𝑓𝑑 = 20.2 GHz and 𝑀 = 0.3. For a given value of the 

average opaque reactance 𝑋𝑜𝑝,𝑎𝑣 (or average sheet reactance 

𝑋𝑠,𝑎𝑣), 𝑀, 휀𝑟 and 𝑑𝑠𝑢𝑏, the modulation period 𝑝 can be tuned to 

obtain a desired 𝜃0 using: 

sin 𝜃0 =
𝑘𝑥

𝑘0

−
2𝜋

𝑝𝑘0

. (2) 

In (2), 𝑘𝑥 corresponds to the transverse wavenumber of the 

fundamental Floquet mode (𝑛 = 0), obtained from solving the 

dispersion problem for modulated sheet impedances [21]. In the 

presented parametric study, 𝑝 is adjusted to maintain 𝜃0 =
−32𝑜 at 20.2 GHz for each combination of 𝑋𝑜𝑝,𝑎𝑣, 휀𝑟 and 𝑑𝑠𝑢𝑏. 

Fig. 4(a) shows the variation of 𝜃0, defined as Δ𝜃0,within the 

19.2 – 21.2 GHz band for different values of 𝑋𝑜𝑝,𝑎𝑣 and 휀𝑟 with 

𝑑𝑠𝑢𝑏 = 1 mm. We use 𝑋𝑜𝑝,𝑎𝑣 in this analysis just as an input 

parameter and to simplify the data representation in Fig. 4. For 

each combination of 𝑋𝑜𝑝,𝑎𝑣 , 휀𝑟 and 𝑑𝑠𝑢𝑏, the resulting 𝑋𝑠,𝑎𝑣 is 

computed and used to estimate Δ𝜃0. As observed, the angular 

dispersion decreases for smaller 휀𝑟, whereas the variation of 

𝑋𝑜𝑝,𝑎𝑣, or its equivalent 𝑋𝑠,𝑎𝑣, has a minor impact. We also 

verified that Δ𝜃0 is practically independent of 𝑑𝑠𝑢𝑏, as 

represented in Fig. 4(b). In these figures, 𝜂0 corresponds to the 

free-space wave impedance. The missing portions in Fig. 4(a)-

(b) correspond to combinations of modulation parameters that 

do not produce a radiated beam at some frequencies in the band 

of interest. Specifically, such modulation parameters result in 

an imaginary value of 𝜃0 in (2) (|sin𝜃0| > 1). Finally, the 

variation of the half-power beamwidth (HPBW) is also studied 

and proved to be stable over the bandwidth, as shown in Fig. 

4(c) for 휀𝑟 = 2.2 and 𝑑𝑠𝑢𝑏 = 1.575 mm. For the latter values 

of 휀𝑟 and 𝑑𝑠𝑢𝑏, the estimated angular dispersion within the 

frequency band of interest is plotted in Fig. 4(d), yielding Δ𝜃0 =
14.3𝑜. 

 

(a) 

 

(b) 

 

(c) 

 

(d) 

Fig. 4. (a) Variation of beam direction Δ𝜃0 of the LWF for different values 

of 휀𝑟  and 𝑋𝑜𝑝,𝑎𝑣, fixing 𝑑𝑠𝑢𝑏 = 1 mm. (b) Values of Δ𝜃0 obtained for 

different values of 𝑑𝑠𝑢𝑏 and 𝑋𝑜𝑝,𝑎𝑣, fixing 휀𝑟 = 2.2. (c) Change in HPBW 

within the frequency band of interest for different values of 𝑋𝑜𝑝,𝑎𝑣, fixing 

This article has been accepted for publication in IEEE Transactions on Antennas and Propagation. This is the author's version which has not been fully edited and 

content may change prior to final publication. Citation information: DOI 10.1109/TAP.2024.3395908



ACCEPTED MANUSCRIPT / CLEAN COPY



 

 

휀𝑟 = 2.2 and 𝑑𝑠𝑢𝑏 = 1.575 mm. (d) Pointing direction vs. frequency for the 

final LWF. 

 Considering the available commercial substrates, we finally 

adopt a Rogers RT5880 substrate with 휀𝑟 = 2.2, 𝑑𝑠𝑢𝑏 = 1.575 

mm and tan 𝛿 = 0.0009. Hence, the stack-up of the pillbox 

system and MTS (Fig. 3) is made by two Rogers RT5880 

substrates glued by a 78-μm thick bonding layer (Taconic 

fastRiseTM FR-27-0030-25, with relative permittivity of 2.7 and 

tan 𝛿 = 0.0017). The chosen thickness ensures the mechanical 

robustness of the system. As presented in the next subsection, 

the MTS is designed to radiate a beam at 𝜃0 = −32𝑜at 𝑓0 =
20.2 GHz. The goal is to compensate the deflection angle of the 

deflector to point at broadside when LWF and deflector are 

aligned. The deflector is described in Section III.  

B. Design of the Quasi-optically Fed Metasurface 

The unit cell used to implement the modulated MTS is 

presented in Fig. 5; it includes a meander slot etched on the top 

metallization of a grounded dielectric slab. The sub-wavelength 

cell has a dimension 𝑎 = 2 mm (𝑎 ≈ 𝜆0/7.4). The meander slot 

geometry is characterized by its width 𝑔, and arms’ lengths 𝑙1 

and 𝑙2 (see inset in Fig. 5(b)). 

 

 
(a) 

 
(b) 

Fig. 5. (a) Unit cell set-up for extracting effective 𝑍𝑠 (𝑑𝑠𝑢𝑏 = 1.575 mm, 

𝑎 = 2 mm, 𝑑𝑎𝑖𝑟 = 12𝑎); periodic boundary conditions are set on the lateral 

walls. (b) Effective local 𝑋𝑠 as a function of 𝑔 and 𝑙2 at 𝑓0; the inset shows 

a top view of the unit cell with the geometrical parameters. 

In order to synthesize the spatially-varying sheet impedance 

in (1), a database is generated to relate different combinations 

of 𝑔, 𝑙1 and 𝑙2 with the effective local sheet impedance 𝑍𝑠. We 

use a full-wave simulator (Ansys HFSS) to build the cell set-up 

in Fig. 5(a). Periodic boundary conditions are imposed on the 

lateral boundaries of the airbox and the substrate. For a fixed 

𝑙1 = 1.4 mm, we use the eigenmode solver of HFSS to find the 

phase delay 𝜙𝑥 at 𝑓𝑑 = 20.2 GHz for different combinations of 

𝑔 and 𝑙2. Next, the effective sheet impedance can be computed 

[32]. Fig. 5(b) shows the effective local sheet reactance at 𝑓𝑑  for 

different values of 𝑔 and 𝑙2. After building the impedance 

database, the modulated MTS is implemented. As already 

mentioned, the generated linearly-polarized beam is intended to 

point at 𝜃0 = −32𝑜 at 𝑓0. However, when the MTS is mounted 

on the pillbox beamformer, the evolution of the modulation, as 

well as the direction of the illuminating plane wave, is along 

−𝑥. Therefore, referring to the coordinate system of the LWF 

structure in Fig. 3, the generated beam will point at 𝜃0 = 32𝑜 at 

𝑓0 . The modulation was designed so that the surface wave 

power reaching the edge of the structure is smaller than −15 

dB with respect to the illuminating mode to reduce edge effects. 

This is achieved by properly imposing the required leakage 

factor 𝛼, which is mostly defined by 𝑋𝑠,𝑎𝑣 and 𝑀[21], [22]. For 

a total length along the x-axis of 𝐿𝑥
𝑀𝑇𝑆 = 15.1𝜆0 (22.4 cm), the 

design parameters of the modulated MTS are 𝑋𝑠,𝑎𝑣 =

−170.9 Ω (𝑋𝑜𝑝,𝑎𝑣/𝜂0 = 0.65), 𝑀 = 0.7, and 𝑝 = 8.43 mm. 

The MTS width along the y-axis is 𝐿𝑦
𝑀𝑇𝑆 = 13.7𝜆0 (20.4 cm). 

The resulting spatially-modulated sheet reactance 𝑋𝑠(𝑥) is 

plotted in Fig. 6 (blue line). Next, the required reactance value 

at each unit cell is mapped to the corresponding unit-cell 

geometry through the database in Fig. 5(b). As a result, we 

obtain the spatially-varying geometrical parameters 𝑔(𝑥) 

(dashed red line) and 𝑙2(𝑥) (solid red line) represented in Fig. 

6. The final lateral dimensions of the leaky-wave feed, 

including pillbox transition and MTS (see Fig. 3), are 𝐿𝑥=32.6 

cm (21.9𝜆0) and 𝐿𝑦=28.5 cm (19.3𝜆0) with a total thickness 

thinner than 3.3 mm (0.22𝜆0). 

  
Fig. 6. Spatial variation of 𝑋𝑠 (blue line), 𝑔 (dashed red line) and 𝑙2 (solid 

red line). 

  
(a) 

 

(b) 
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Fig. 7. Simulated directivity patterns of the LWF in the frequency band of 

operation in the (a) E-plane and (b) H-plane. 

Fig. 7 shows the simulated radiation patterns in the E- and H-

plane of the structure in Fig. 3. The edge taper of the pillbox 

system shapes the aperture field along the H-plane, whereas the 

modulated MTS controls the E-plane. As expected, the 

simulated elevation pointing angle of the LWF changes Δ𝜃0 =
14.2𝑜 in the frequency band of operation, with 𝜃0 = 32𝑜 at 20.2 

GHz. A simulated aperture efficiency exceeding 52% over the 

entire frequency band of interest is obtained, as shown in Fig. 

8. Furthermore, the simulated reflection coefficient stays below 

-20 dB over the entire frequency band (Fig. 8). 

 

Fig. 8. Simulated aperture efficiency (blue line) and |𝑆11| (red line) of the 

LWF in the frequency band of operation. 

III. DEFLECTOR 

The hybrid deflector structure is made of collinear metallic 

waveguides loaded with a specific amount of dielectric material 

to implement a phase gradient. The waveguides are designed to 

fit within a square grid with 7-mm pitch to remove grating lobes 

produced by the regular lattice up to 21.2 GHz. A minimum 

wall thickness of 0.5 mm has to be taken into account for 

fabrication constraints. It can be readily shown that with such 

square waveguides, the frequencies of interest lie below the cut-

off frequency. To solve this problem, two methods were 

investigated. The first one considered loaded square 

waveguides to lower the cut-off frequency. The second one 

consisted in modifying the geometry of the transverse section 

of the waveguide with the addition of metallic ridges. These two 

approaches led to the selection of a suitable quad-ridged 

waveguide geometry which is presented below.  

It is important to point out that the implementation of an 

arbitrary deflection with good efficiency generally requires at 

least a 360° range of variation of the transmission coefficient 

phase. However, given a limited waveguide length and cross 

section area, such a wide phase range can be challenging to 

obtain. Obviously, the phase range also depends on the relative 

permittivity 휀𝑟 of the dielectric material loading the waveguide. 

In this work, we decided to limit our investigation to the well-

known ABS polymer. While its relative permittivity is 

relatively low (휀𝑟 = 2.56, 𝑡𝑎𝑛𝛿 = 0.005), it is a commercially 

available dielectric material being easily printable by standard 

Fused-Deposition Modeling (FDM) process with high 

repeatability and sufficient resolution. Therefore, the use of a 

phase range smaller than 360° was considered to achieve the 

deflection function with a reasonable waveguide length. 

A. Loaded waveguide analysis 

In order to define the waveguide geometry for the deflector, 

various configurations with various transverse shapes and 

lengths were analyzed using a Floquet mode excitation in a 

periodic environment and evaluated based on three criteria.  

The primary criterion for the comparison between these 

configurations is the achievable transmission phase variation 

Δ𝜑 between minimal and maximal dielectric filling factors. In 

particular, for each geometry, the maximal dielectric filling is 

set by allowing at least 0.5 mm gap between the dielectric 

loading and the waveguide metallic walls. This margin was 

found empirically to enable an easy assembly.  

The second criterion considered the frequency dispersion of 

the phase range Δ𝜑, denoted 𝑑Δ𝜑 and defined as the maximum 

deviation of the phase excursion in the analyzed frequency 

band. Such a dispersive behavior results in a variation of the 

synthetized phase distribution on the deflector aperture when 

varying the frequency. This variation should be avoided, in 

particular when 360° phase wrappings are placed at specific 

locations to deal with a limited available phase range. Such a 

variation leads to misplaced phase wrapping, causing degraded 

efficiency. In the case of a diffractive component based on a 

spatially periodic phase distribution as implemented here, such 

a variation may also lead to an increase of unwanted diffraction 

orders amplitudes.  

The last criterion aimed at keeping as short as possible the 

required waveguide to reduce the deflector thickness. Based on 

these considerations, several waveguide geometries were 

numerically analyzed to achieve a trade-off between operating 

frequency band, waveguide length and phase dispersion. In the 

following, we will present two selected geometries and 

compare their performance based on the introduced criteria. 

1) Square waveguide 

The geometry of a square waveguide (SW) with inner 

dimension a= 6.5 mm is shown in Fig. 9. The dielectric filling 

is defined in the cross-section by the parameter 𝜏𝑆𝑊 = 𝛿/𝑎 , 

which is limited to 𝜏𝑆𝑊
𝑚𝑎𝑥 = 0.86, leaving a 0.5 mm margin on 

each side. 

  

(a) (b) 

Fig. 9. Geometry of the square waveguide (SW). (a) Transverse section. 

(b) Longitudinal section. The blue square represents the dielectric loading 

the waveguide.  

 

TABLE I 

SIMULATED CHARACTERISTICS OF THE CONSIDERED WAVEGUIDES 

Waveguide SW QRSW 

Frequency band (GHz) 19.2 – 21.2 19.2 – 21.2 

𝑳 (mm) 45 45 

𝚫𝝋 (°) 283 281 

𝒅𝚫𝝋 (°) 49 5 
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2) Quad-ridged waveguide 

The geometry of the proposed quad-ridged square waveguide 

(QRSW) is shown in Fig. 10. The dimensions of the QRSW are 

𝑎1 = 6.5 𝑚𝑚, 𝑏1 =  3.9 𝑚𝑚 , 𝑐1 =  2.5 𝑚𝑚, with wall and 

ridges thickness of 0.5 mm. 

As the metallic ridges restrict the available space for the 

dielectric part, we opted for a variant filling along the length of 

the waveguides, less prone to printing tolerances. Thus, it is 

defined as 𝜏𝑄𝑅𝑆𝑊 = 𝐿′/(𝐿0 + 𝐿/2) , where 𝐿′ defines the 

penetration depth of identical ABS tips inside the two opposite 

sides of the waveguide as shown in Fig. 10 (b), 𝐿′ ranges from 

0 to 𝐿0 + 𝐿/2, so that the maximum filling ratio 
reaches 𝜏𝑄𝑅𝑆𝑊

𝑚𝑎𝑥 = 1. The dielectric tip for progressive filling is 

fixed to 𝐿0 =  15 mm and 𝛿1 = 2.79 mm, which corresponds 

to 10 printed layer thickness’s and leaves a margin close to 

1 mm with the metallic part for easier mounting. Finally, a 

supporting dielectric layer of thickness 𝐿𝑚 = 2 𝑚𝑚 was added 

at the external interfaces, and the ridges were slightly slanted to 

improve matching to free space. 

3) Performance comparison 

The phase variation obtained under Floquet mode excitation 

at normal incidence for the SW and the QRSW are depicted in 

Fig. 11 (a) and (b), respectively. For each case, the phase 

variation is normalized to the phase obtained with the largest 

filling factor. The comparison between the waveguides is given 

in Table I. The SW, although being very simple, presents a 

strong dispersion due to the proximity of the cut-off frequency 

of the waveguide when using the smallest dielectric filling. It 

can be seen by the large variation of the phase obtained with the 

lowest filling factor of 0.66. One can achieve a 283° phase 

variation with a filling factor in the range of 0.66-0.86 with 

45 mm length in the frequency band of 19.2-21.2 GHz. 

However, the dispersion reaches 49° in this band since the cut-

off frequency is close to 17.8 GHz. Larger phase ranges could 

be obtained at the cost of longer waveguides and larger 

dispersion. The use of metallic ridges inside the waveguides 

shifts the cut-off frequencies downward even without dielectric 

filling, thus strongly reducing the dispersive behavior of the 

waveguides. As a result, the QRSW can provide 281° of phase 

variation with a dispersion as low as 5𝑜 between 19.2 and 

21.2 GHz. 

B. Deflector synthesis 

Based on the previous analysis, we selected the QRSW for 

implementing the deflection function with a 45 mm thickness 

and a small dispersion of the phase profile. Let us consider a 

deflector having �̂� as a normal, and achieving deflection in the 

xz-plane by an angle 𝜃𝑑𝑒𝑓 from the normal. A conventional 

starting point for implementing the deflection function is an 

aperture phase profile defined by a constant slope along the 

deflection direction, such as in (3):  
𝑑𝜑

𝑑𝑥
(𝑥) = −𝑘0𝑠𝑖𝑛(𝜃𝑑𝑒𝑓)𝑥 + φ0  (3) 

In practice, the resulting phase distribution for any angle 𝜃𝑑𝑒𝑓 

is usually wrapped to accommodate with unit-cells providing 

phase variation Δ𝜑 of 360°. Then, it is sampled at the center 

location of each unit-cell to define the distribution of the phase 

shifts to be physically implemented. In this architecture, as in 

other Risley-type scanners, a deflection angle 𝜃𝑑𝑒𝑓 of 26° 

combined with the same output direction for the LWF is 

generally sufficient to achieve steering up to 60° [13]. This 

angle corresponds to a phase slope of 106.3° per cm at 

20.2 GHz, which leads to a phase shift of 74.4° between 

adjacent unit-cells when considering a separation of 7 mm.  

Naturally, such a phase shift cannot be nicely implemented 

with the limited phase range of 270° provided by the 45-mm 

QRSW unit-cell, as many of the required phase values would 

not be represented. Therefore, we selected a deflection angle 

close to the 26° objective but providing a sampled phase profile 

without any values between 270° and 360°. This was done by 

increasing the phase shift between adjacent unit-cells to 90°, the 

resulting deflection angle is therefore 32° at the center 

frequency of 20.2 GHz. The obtained phase distribution is 

therefore a strictly periodic arrangement based on a four-

waveguide macro unit-cell with relative phase shifts of 0°, 90°, 

180° and 270°. As a consequence, at the considered frequencies 

this macro unit-cell can be understood as a diffractive 

component with three diffractive orders among which the order 

+1 is favored. The macro period of 28 mm provides a deflection 

angle ranging from 33.9𝑜 to 30.4𝑜 in the 19.2-21.2 GHz band. 

In the following, the term grating lobes will be used to refer to 

the diffraction orders produced by this macro period.  

The synthesis of the four phase levels is performed based on 

a polynomial fitting of the transmission coefficient phase 

extracted from the waveguide unit-cell’s Floquet analysis at 

20.2 GHz for normal incidence. As shown in Fig. 12, the 

transmitted phase is translated so that 270° corresponds with the 

maximum filling factor (𝜏 = 1). In this way, the synthesis will 

favor higher filling factors, which provide slightly better 

matching to free-space. Accordingly, filling factors of 0.22, 

0.49, 0.67 and 1 are obtained for the phases of 0°, 90°, 180° and 

270°, respectively. The synthesized four-waveguide macro 

unit-cell is illustrated in Fig. 13. It is worth mentioning that 

small circular perforations were introduced on the dielectric 

supporting plates to improve matching with free space. Finally, 

the complete phase distribution of the deflector is illustrated in 

Fig. 14, consisting of 772 loaded waveguides. 

C. Simulation results 

The functionality of the deflector was validated using CST 

Microwave Studio by illuminating it with a Gaussian beam with 

both TE and TM polarizations at normal incidence. The 

transmitted field patterns for both polarizations are shown at 

19.2, 20.2 and 21.2 GHz in Fig. 15. The fields are normalized 

 
 

(a) (b) 

Fig. 10. Geometry of the quad-ridged square waveguide (QRSW). (a) 

Transverse section. (b) Longitudinal section. 
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to the broadside power of the incident Gaussian beam. 

 

(a) 

 
(b) 

Fig. 11. Phase of 𝑆21 versus frequency for various filling factors obtained 

within a periodic environement with Floquet mode excitation : (a) SW and 

(b) QRSW. 

 

 
Fig. 12. Phase variation of the unit cell with respect to the filling factor to 

synthesize the selected four-phase-levels for the deflector function (0°, 90°, 

180°, 270°). 

 
(a) 

 
(b) 

Fig. 13. Synthesized macro unit-cell. (a) Metallic waveguides. (b) 

Dielectric loading. 

 
Fig. 14. Synthesized phase distribution in degrees for the deflector. 

  
(a) 

 
(b) 

Fig. 15. Simulated transmitted field by the deflector for a normal incidence 

Gaussian beam. (a) TE polarization, (b) TM polarization. 

The incident beam is deflected at 32° at 20.2 GHz for both 

polarizations. The pointing direction of the transmitted field 

ranges from 33.8° to 30.3° (with respect to the normal axis 

along �̂�) between 19.2 and 21.2 GHz. In the worst-case scenario 

(TM polarization), we observe relatively low grating lobes, 

being below -19 dB and -14.3 dB for the 0 and -1 diffraction 

order, respectively. The diffraction efficiencies are numerically 

estimated between -1.4 to -1.5 dB for TE polarization, and 

between -1.6 to -2 dB for TM polarization. These efficiencies 

include the material losses of the deflector, estimated to -0.8 to 

-1.1 dB for both polarizations taking into account the properties 

of ABS and Titanium alloy materials but neglecting the 

potential surface roughness of the metallic part. The metallic 

contribution to losses is dominant, representing about 75% of 

the total dissipated power, without considering surface 

roughness. This large contribution is related to the conductivity 

of the titanium alloy selected for the printing process (TA6V, 
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𝜎 = 0.6 106 S/m), which is about 5 times lower than that of 

pure titanium.  

 

Fig. 16. Prototype mounted chamberanechoicthein  during 

measurements. 

IV. PROTOTYPING AND MEASUREMENT 

The two building blocks described in the previous section 

have been manufactured and assembled. The spacing between 

the leaky-wave feed and the deflector has been numerically 

optimized through parametric analysis in the broadside 

configuration. This configuration is generally a worst-case 

scenario for the Risley scanner in terms of directivity and side-

lobe level. It was found that a distance of 10 mm was optimal 

in our case. The final structure is shown in Fig. 16 while 

mounted in the anechoic chamber. It has a total thickness of 

about 62 mm. It is worth mentioning that the radiating area of 

the prototype corresponds to the diameter of the deflector (250 

mm). The extended PCB area of the LWF is used as support to 

ease measurements and handling of the prototype. However, in 

a final version of the system such an area could be removed 

without affecting the performance of the antenna. A metallic 

support was also used to install the antenna in the anechoic 

chamber. The relative position of the deflector and leaky-wave 

feed were controlled manually. An automatic mechanical 

control can be considered for a more mature version of the 

proposed concept. In the following subsections, we describe the 

fabricated building blocks and provide the measurement results 

for the final Risley scanner for different pointing directions in 

the considered frequency band.  

A. Leaky-wave feed 

The prototype of the LWF, fabricated in PCB technology, is 

shown in Fig. 17. It has a total size of 32.6 cm× 25.5 cm × 0.315 

cm. The total weight of the LWF is 0.69 kg. For fabrication 

purposes, the primary feed in the lower layer and the reflector 

are realized by metallic vias using substrate integrated 

waveguide (SIW) technology. Three input horns are located in 

the focal plane of the pillbox transition as visible in Fig. 17(b). 

However, during measurements, only the central horn is fed by 

a transition to a standard rectangular waveguide WR42 located 

in the back side of the supporting mechanical holders, as shown 

in Fig. 17(d). 

B. Deflector 

The hybrid deflector is made of a metallic array of quad-

ridged dielectric loaded waveguides. The metallic part was 

manufactured by a conventional additive manufacturing 

process known as “Direct Laser Melting” (DLM). This process 

consists in locally and selectively melting a metallic powder 

bed using a directed laser beam. The procedure is repeated for 

each horizontal layer of the model, as is common practice for 

other techniques such as FDM. For this prototype, a well-

known Titanium alloy (Ta6V) was chosen over aluminum 

alternatives for its higher melting temperature, which helps 

increase printing precision. It is worth mentioning that the 

lower thermal conductivity of Titanium can cause strong 

mechanical stress during manufacturing. Therefore, the final 

design included reinforced mounting fixtures on its external 

side. After printing, sandblasting was applied on the whole part 

to reduce the surface roughness down to about Ra = 6.5 µm. 

The final metallic structure is shown in Fig. 18(a), with a 

magnified view of the waveguide interface in Fig. 18(b). The 

interface photograph is taken from a slight angle, which gives 

the false impression of a slight bent on the ridges. Dimensional 

measurements at the waveguide interfaces with an optical 

microscope confirmed the manufacturing tolerance of ±0.1 mm. 

The loading dielectric of the waveguides is made with ABS 

material and printed using a standard FDM technique with the 

Stratasys Fortus 250mc 3D-printer. To ease assembling, the 

dielectric loading is divided in two complementary parts, each 

one inserted into each side of the metallic waveguides. Special 

attention is given to the printing parameters, mainly the printing 

orientation and the layer thickness to maximize printing 

accuracy of the thin tips. In particular, the parts were printed 

vertically and the layer thickness was chosen to be 0.1778 mm, 

the lowest value allowed by the printer. Photographs of the 

dielectric parts are shown in Fig. 19 (a). One can notice the 

repetition of four filling ratios along one direction, as well as 

mounting holes on all sides. 

Finally, the assembled deflector is illustrated in Fig. 19 (b). It 

presents a diameter of 250 mm and a thickness of 49 mm, 

including 45 mm for the metal waveguides and 2 mm for the 

dielectric loadings on each side of the deflector. The final 

weight of the deflector is estimated to about 3.8 kg.  
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Fig. 17. Prototype of the LWF. (a) Top view and (b) bottom view of the 

structure. (c) Details of the modulated MTS, pillbox reflector and transition 

pillbox-MTS. (d) Back side of the metallic holder with standard waveguides 

WR42 (only the central port is fed during the measurements). 

 

 
(a) 

 
(b) 

Fig. 18. (a) Printed metallic waveguides of the deflector.(b) Magnified view 

of a waveguide unit-cell interface. 

 
(a) 

 
(b) 

Fig. 19. (a) Photograph of printed dielectric parts. (b) Assembled deflector. 

C. Measurements 

The Risley scanner has been measured in an anechoic 

chamber in the frequency band of 19.2-21.2 GHz. Three 

relative positions in azimuth of the deflector and the LWF were 

considered to illustrate the 2D-beam-steering capability of the 

proposed system. The measured radiation patterns are shown in 

Fig. 20. At the central frequency of 20.2 GHz, the SLL is lower 

than -12 dB for all pointing directions. A maximum gain of 

25.4 dBi is measured at broadside, and varies by ±1.2 dB in the 

frequency band, suggesting a 3-dB gain bandwidth of at least 

10%. The gain reduces to 22.6 dBi for steering at 50° in 

elevation. As a result of a small gap of 100 µm between the 

tapered transition and the lower substrate of the LWF, a 

significant power leakage occurred resulting in a reduced gain 

by about 3 to 5 dB as compared to the numerical prediction. 

However, a good agreement is observed between simulations 

and measurements in terms of pointing direction, radiated 

patterns, as well as SLLs although not shown here for brevity. 

The SLL ranges from -10.4 to -14.1 dB, except when steering 

at broadside at the lowest frequency of 19.2 GHz, where it 

reaches 9.1 dB. This SLL is comparable to the one of the LWF 

alone in its E-plane, as shown in Fig. 7(a), thus validating the 

observed results for the whole system.  

The variation of the pointing direction with the frequency for 

the considered positions is shown in Fig. 21 and compared to 

full-wave results. Considering a typical beam pointing accuracy 

requirement of ±0.2°, the instantaneous bandwidth is estimated 

to be between 42 to 100 MHz for steering angles below 50°. A 

small discrepancy between measurements and simulations of 

about 2° in terms of pointing direction is visible, in particular at 

broadside. It was found to be related to a variation in the 

pointing direction of the standalone LWF.  

The normalized radiation patterns along different azimuthal 

planes for various pointing directions are illustrated in Fig. 23. 

The cross-polarization components are also reported. Overall, 

the agreement between simulations and measurements can be 

considered fair, except for the maximum steering angle where 

the simulated main beam starts to split in a smaller side lobe. 

Finally, measured cross-polarization discrimination is at least 

15 dB. The cross-polarization discrimination obtained in 

simulations does not agree with the measured one, which could 

be attributed to the limited simulation accuracy due to the very 

large computational size of the whole antenna. 

Also, the input reflection coefficient is lower than -10 dB in 

the frequency band of interest. The radiation efficiency of the 

Risley scanner is numerically estimated at 20.2 GHz to about -

2.7 to -3.5 dB depending on the pointing direction, including 

the effect of metallic surface roughness in the deflector. The 

LWF contributes to about 1 dB to the losses of the scanner and 

provides an aperture efficiency of 50%. Table II provides a 

comparison of the proposed solution with recent works on 

Risley scanners using lenses made in PCB technologies or 

additive manufacturing. Most advanced designs with PCB 

discrete lenses present a clear advantage in terms of total 

thickness, while the additive dielectric approach offers the 

TABLE II 

STATE-OF-THE-ART COMPARISON OF RISLEY SCANNERS WITH DISCRETE LENSES 

Ref. Design 

frequency f0 

(GHz) 

Antenna size   Feed type Field of view 

(FoW) in 

elevation  

Peak Gain 

(dB) 

FoW Gain 

variation (dB) 

3-dB Gain 

bandwidth2    

Polarization3 

[11] 30 80 × 80 × 

10.40 

RLSA 39° 16.2 @ 7.5°  4  5.3% LP 

[12] 20 230× 30 Leaky-wave 40.6° 30.9 @ 0° 4.9 4.5% CP 

[13] 11 60 × 60 × 1.30 Resonant 

cavity 

51° 19.4 @ 27° 3 N.A. LP 

[16] 21 29.40× 26.60 Patch 46° 35.75 @ 0° 7.5 4.8%5 LP 

[15] 16  80× 1.920 Horn 52° 22.9 @ 0° 3.4 5.6% CP 

[18] 29 27.10× 3.90 RLSA 66° 33.1 @ 0° 5.7 6.9% CP 

[19] 10 7.10× 1.10 Leaky-wave 57° 22.3 @ 0° 3.5 7% CP 

This 

work 

20.2 16.80× 4.170 Leaky-wave 50° 25.4 @ 0° 2.8 >10% LP 

10 is the free space wavelength at f0. 
2The relative bandwidth is derived for broadside radiation.  
3LP and CP stand for linear and circular polarization, respectively.   
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wider steering range with a reasonably compact size. The 

proposed concept exhibits an advantage in terms of 3dB-Gain 

bandwidth.  

 
Fig. 21. Variation of the pointing direction of the Risley scanner with the 

frequency. Measurements are compared with full-wave numerical results. 

This is the result of the design strategy to reduce dispersion 

in both the LWF and the deflector. The larger thickness caused 

by the hybrid deflector could be further reduced by using more 

dense dielectric materials. 

 

V. CONCLUSION 

We presented a Risley scanner at K band based on simplified 

Risley architecture consisting in a leaky-wave feed in PCB 

technology and a deflector made in additive manufacturing. The 

leaky-wave feed consists of a modulated metasurface fed by a 

quasi-optical system illuminating the deflector at a tilted angle 

of -32° in elevation, which is also the deflection angle of the 

deflector at 20.2 GHz 

The deflector is made of two combined parts, a metallic array 

of quad-ridged square waveguides in titanium and a dielectric 

load in ABS, which were both 3D-printed. It was designed with 

the goal of achieving stable and efficient deflection 
performance within the frequency band of interest, thanks to 

minimized phase dispersion and limited coupling between 

adjacent unit-cells. Despite a gain reduction due to a 

misalignment of 100µm at the feeding point, measurements of 

the radiated field have shown the system’s capability to steer 

   
(a) (b) (c) 

   
(d) (e) (f) 

   
(g) (h) (i) 

Fig. 20. Measurements of the radiated beam in the upper hemisphere in the considered frequency band of operation 19.2-21.2 GHz. (a)-(c) Nearly-broadside 

radiation (=180° in Fig. 2); (d)-(f) Radiation at around 25° in elevation (=135° in Fig. 2); (g)-(i) Radiation at around 50° in elevation (=90° in Fig. 2). 
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the main beam in 360° in azimuth and 50° in elevation with a 

well-formed beam, low SLL and a maximum measured gain 

exceeding 25 dBi. The final size of the antenna is about 250 mm 

in diameter with a total thickness of 62 mm. Future 

developments may consider the possibility to further reduce the 
thickness and weight of the deflector, as well as ways of 

improving the instantaneous bandwidth of the scanner, at the 

moment limited to about 80 MHz for broadside radiation. 
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