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A B S T R A C T   

This paper presents a wideband reflectarray antenna (RA) based on a nonradiative dielectric (NRD) waveguide 
with an inserted metal blade for muti-bit phase quantization. The proposed design eliminates the need of 
resonant components that typically exist in traditional RAs. Additionally, low cross-polarization is achieved by 
exciting the appropriate propagation mode in NRD waveguide. The beam scanning performance based on multi- 
bit phase quantization is verified by a series of static prototypes. Compared to traditional rectangular waveguide 
RAs, the proposed design possesses collimated beam scanning up to 60◦ without grating lobes, due to the 
compact unit cell dimensions. At a collimation beam angle of 20◦, a 1-dB gain bandwidth of 18 % is achieved 
with an aperture efficiency of over 40 % and a cross-polarization level of below − 40 dB.   

1. Introduction 

The beam-scanning ability of reflectarray antennas (RAs) is 
becoming increasingly important for the satellite communication and 
5G/B5G wireless communications [1–3. X-band beam-steerable RAs 
offer effective solutions for mitigating signal blockage and rain fading 
from the environment while ensuring reliable data channels with ultra- 
high-speed transmission, such as data exchange between data centers 
[4]. Traditional wideband beam scanning RAs often rely on resonant 
components and metallic ground structures to reflect electromagnetic 
(EM) waves [5–8]. The complex multiple substrates with high ohmic 
losses are typically introduced, leading to high cost [9,10] and 
decreased efficiency. As an alternative, non-resonant dielectric RAs are 
gaining attention due to their wideband performance, low metal loss and 
low-cost fabrication using 3D printing techniques [11–14]. 

In [11] and [12], a Fresnel zone plate based reflectarray utilizes 3D 
printed dielectric slabs as phase shifters on a metal ground, achieving a 
1-dB gain bandwidth of 20 %. In [13], incident waves are received by a 
matching layer and propagated through dielectric columns with copper 
wires for reflection, resulting in a non-resonant design with a 3-dB gain 
bandwidth of 27 %. In [14], multiple dielectric layers are assembled to 
receive and propagate the incident wave. Different cutoff frequencies 

between the dielectric layers are used to manipulate the reflections with 
a simulated 1-dB gain bandwidth of up to 32 %. However, all these 
dielectric RAs do not demonstrate the beam scanning ability and com-
plex structures are required to improve the aperture efficiency. 

Nonradiative dielectric (NRD) waveguide has emerged as a wave-
guide structure with low metal loss [15–17]. It consists of a pair of 
parallel conductor walls with a dielectric slab sandwiched between 
them. This unique structure allows most of the EM waves to be confined 
within the dielectric slab, minimizing the ohmic loss in the conductor 
walls. Furthermore, the presence of the dielectric allows the cross- 
sectional size of the NRD waveguide to be lower than 0.5λ0, where 
λ0 represents the free space wavelength at the highest operating fre-
quency (i.e., 11.5 GHz). The NRD waveguide possesses the character-
istics of the compact size, low metal loss and inherent non-resonance, 
making it a promising unit cell for the design of wide-angle beam 
scanning RA with wideband performance. 

In this paper, a wideband multi-bit RA with low cross-polarization is 
proposed based on a new mechanically phase tunable NRD waveguide 
structure. To the best of our knowledge, it is for the first time to exhibit 
beam scanning ability while keeping wideband performance for 
waveguide-type RAs. The precise phase tuning of the unit cell is 
accomplished by moving the inserted metal blade with multi-bit phase 
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quantization. The prototype of the proposed design with 16 × 16 unit 
cells is fabricated, which achieves a maximum scanning angle of 60◦

with a scanning loss of 3.5 dB. The 1-dB gain bandwidth reaches 18 % 
with an aperture efficiency exceeding 40 % for the collimation beam at 
20◦. 

2. Unit cell of Multi-Bit reflectarray based on NRD waveguide 

NRD waveguides offers a significant reduction in metal losses by 
removing the upper and lower metallic walls, which are major con-
tributors to power dissipation in conventional rectangular waveguides 
[15–18]. Instead, the NRD waveguide employs a dielectric slab to 

Fig. 1. Structure and the propagation modes of the proposed phase tunable 
NRD waveguide unit cell. (a) Perspective view. (b) Side view. (c) LSM11 mode. 
The metal is in red orange and the dielectric slab is in grey. 

Table 1 
Dimensions of The Proposed NRD Waveguide Unit Cell.  

Parameter a b hp hb hd 

Value (mm) 13 10 40 22 27 
Parameter ho wb εr tb hr 

Value (mm) 5 11 2.7 0.8 varied  

Fig. 2. Simulated reflection coefficient versus blade position hr at 10 GHz.  

Fig. 3. Simulated reflection coefficient versus frequency with different values 
of hr. 

Fig. 4. Simulated reflection phase versus hr at the low, center and high fre-
quencies within the operating bandwidth. 

Fig. 5. The prototype of the proposed muti-bit RA. (a) Perspective view. (b) 
Bottom view. (c) Side view. (d) Internal structure of one column of the RA. 
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confine the EM wave which has a lower cutoff frequency than the sur-
rounding air, effectively preventing the propagation of EM waves from 
the dielectric to the air. 

Compared to conventional NRD waveguide, the proposed structure 
has a deep groove in the dielectric slab where a blade-like conductor 
sheet is inserted, as shown in Fig. 1. The dominant propagation mode is 
set to longitudinal-section-magnetic (LSM11) mode [19,20], whose 
magnetic field is parallel to the longitudinal plane (xoz plane). Based on 
this configuration, the spatial feed incident wave should be set to x- 
polarization. The main part of transversal E-field component of the 
LSM11 mode is parallel to the polarization of the incident wave, and it 

can efficiently couple to the waveguide and then for excitation. Addi-
tionally, the LSM11 mode in Fig. 1(c) reveals the symmetric distribution 
of the Ey component along the center line parallel to the conductor wall, 
with equal amplitude and out-of-phase. This observation indicates a 
canceling effect for cross-polarization, which will be verified by the 

Fig. 6. Measurement setup for H plane of the RA prototype.  

Fig. 7. RA gains and aperture efficiency of collimation beam with θc = 20◦, φc 
= 90◦. 

Fig. 8. Comparisons between measured and simulated patterns of the colli-
mation beam with θc = 20◦, φc = 90◦ at 10.5 GHz. (a) H-plane. (b) E-plane. 

Fig. 9. Measured beam scanning radiation patterns of the RA prototype. The 
collimation beam is scanned in φc = 90◦ plane at (a) 9.5, (b) 10.5, and (c) 
11.5 GHz. 
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simulations and measurements in Section III. 
For LSM11 mode, there are two cutoff frequencies due to the presence 

of the dielectric slab. The first cutoff frequency, f1, is associated with the 
lowest order mode in the Region I, which is the air region surrounding 
dielectric slab in the waveguide. The second cutoff frequency, f2, is 
associated with the single mode in the Region II, which is the region of 
the waveguide where the dielectric slab is present. The f1 is determined 

by the distance a, between the two parallel planes, and its corresponding 
free space wavelength is 2a. In contrast, f2 is determined by the 
dielectric constant εr and the cross-sectional dimensions a and b of the 
dielectric slab. As the RA unit cell, the single mode bandwidth of the 
NRD waveguide can be defined as f1- f2. 

The introduction of air grooves reduces the effective dielectric 
permittivity of the dielectric slab, leading to a downward shift in the 
operating frequency and a decrease in the bandwidth. Nevertheless, if 
the air groove’s volume is sufficiently small, the reduction in bandwidth 
remains within the acceptable range. Considering the difficulty and 
accuracy of manufacturing, the value of tb is chosen as 0.8 mm. Table 1 
lists all primary dimensions. The periodicity of the proposed unit cell 
should be 13 mm × 13.3 mm, since the thickness of two metal walls 0.3 
mm need to be considered. 

The phase tuning can be achieved by changing the insertion depth of 
the “blade” into the groove. When the blade is inserted into the groove of 
the dielectric slab, it acts as an additional conductive plate in the middle 
of the waveguide between the parallel metallic walls. The cutoff fre-
quency f2 will be increased significantly. As a result, the EM waves 
propagating in the slab will be reflected by the blade. The phase of the 
reflected EM wave is determined by the path length before the blade, 
which is represented by hr. Fig. 2 depicts the simulation reflection co-
efficient against the varied length hr at 10 GHz. The dielectric permit-
tivity used in the simulations is set to 2.7, which is a typical value for 
polylactide (PLA). 

The free space wavelength of the cutoff frequency f1 should be 2a (i. 
e., 26 mm), corresponding to the frequency of 11.5 GHz. The cutoff 
frequency f2 should be high enough so that the reflected waves above 
this frequency have a sufficient phase shift variation as the value of hr is 
changed. Fig. 3 displays the simulation results of the reflection coeffi-
cient versus frequency. A frequency of 9.5 GHz is chosen for f2, as it 
corresponds to a phase shift of 320◦ which meets the minimum 
requirement of the phase tuning in RA unit cell [21]. The magnitude of 
the reflection coefficient is worse than − 1.0 dB at some frequency points 
within the bandwidth, which is primarily due to the relatively high 
dielectric loss tangent that we used. The value of f2 can be further 
reduced, leading to a wider bandwidth, by utilizing a dielectric material 
with a higher permittivity for the NRD waveguide. The variation of 
reflection phase against the position of the inserted blade hr at different 
frequencies within the operating bandwidth is shown in Fig. 4. The 
phase shifting in the NRD waveguide unit cell can be approximated as a 
linear function of the dielectric slab height hr, enabling it to function as a 
transmission line. To minimize the profile, the phase shifting is limited 
to 360◦. As a result, a quasi-time delay (TD) line design is implemented, 
which approximates the true time delay (TTD) used in wideband oper-
ation [22]. 

Fig. 10. Measured RA gains in different collimation beam from θc = 0◦ to 60◦ at 
φc = 90◦ plane. 

Fig. 11. Measured main beam direction showing the beam squint effect at each 
designed collimation beam scanning angle. 

Table 2 
Comparisons Of The Proposed NRD Waveguide RA with Other Reported Beam scanning RAs and Waveguide RAs.  

Ref Unit cell Max angle RA size F/D Gain BW 
(%) 

AE 
BW 
(%) 

X-POL (dB) 

[6] 3-layer PCB 45◦ 10λ diameter 0.85 21(3-dB) NA − 25 

[7] 
3-layer PCB 60◦ 16 × 16 

(6λ × 6λ) 
1.2 22.3(1-dB) 15 (AE > 20 %) − 28 

[8] 
Dielectric and metal 60◦ 25 × 25 

(8.7λ × 8.7λ) 
0.73 12 

(1-dB) 
13 (AE > 40 %) − 18 

[9] 
3-layer PCB 50◦ 16 × 16 

(8λ × 8λ) 
0.86 15.4 

(1-dB) 
NA − 17 

[25] 
RWG × 32 × 16 

(11λ × 11λ) 
0.5 11 

(1-dB) 
NA − 26.4 

[26] 
RWG × 35 × 36 

(11.5λ × 11.7λ) 
NA 7.4 

(1-dB) 
NA NA 

This work NRD waveguide 60◦ 16 × 16 
(8λ × 8λ) 

1.22 18(1-dB) 18 (AE > 40 %) − 41  
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3. Multi-Bit reflectarray antenna design and Measurement 

The NRD waveguide based RA is designed with 16 × 16 unit cells. A 
15 dBi standard gain horn antenna is chosen as the feed for the RA to 
avoid the complex feed system for waveguide radiator [23], following 
the design of most RA. The feed is offset by 20◦ to the broadside on the 
yoz plane and the F/D value is set to 1.07. The power taper in the x- 
direction is − 10 dB, while in the y-direction, the power taper is − 12 dB 
and − 8 dB at the far and near edges, respectively. By adjusting the po-
sition of the inserted blade hr in each unit cell, the reflection phase can 
be controlled to achieve the desired compensation phase using the 
equation: 

ϕcom = − 2β • hr +ϕ0 (1)  

where β is the propagation constant of the NRD waveguide and ϕ0 is a 
constant phase offset. At the center frequency of 10.5 GHz, the values of 
β and ϕ0 are evaluated by Fig. 4 as 11 and 190, respectively. Finally, for 
the collimation beam with (θc,φc), the required value of hr for the (m,n)- 
th unit cell can be calculated by: 

hr =
ϕ0 − ϕref − k0rmn − ϕmn

2β
(2)  

where k0 presents the free space wavenumber of incident wave, ϕref is a 
reference phase for optimization of RA performance, rmn is the distance 
from the feed’s phase center to the (m, n)-th unit cell. ϕmn is progressive 
phase. It should be noted that the value of ϕref is chosen within the range 
of (-640◦, − 280◦) to optimize the gain flatness of the RA [72124]. To 
verify the beam scanning capabilities, a RA with 16 × 16 unit cells is 
designed with collimation beam starting from θc = 0◦ and sweeping up 
to θc = 60◦ in 10◦ increments at the φc = 90◦ plane. Fig. 5 shows the 
fabricated prototype with collimation beam at θc = 30◦ and φc = 90◦

direction. 
The H-plane radiation pattern is initially measured by rotating in the 

yoz plane, as depicted in Fig. 6. The E-plane radiation pattern will be 
scanned in a plane perpendicular to the yoz plane passing through the 
direction of maximum radiation. Fig. 7 presents a comparison between 
the measured and simulated results for gain with collimation beam at 
20◦. The measured 1-dB gain bandwidth is 18 % with a peak gain value 
of 24.9 dBi. Furthermore, the aperture efficiency exceeds 40 % within 
this bandwidth. Fig. 8 depicts the comparisons between measured and 
simulated radiation patterns at the center frequency of 10.5 GHz. The 
measured radiation pattern closely corresponds to the simulated results. 
The side lobe level (SLL) in both the H-plane and E-plane is approxi-
mately − 20 dB. The cross-polarization (X-POL) level remains below 
− 38 dB in the main beam direction. 

The measured beam scanning performance is demonstrated in Figs. 9 
and 10. The aperture blockage effect is relatively significant when the 
collimation beam is at 0◦ and 10◦, but the realized gain will be reduced 
and the SLL will be increased when comparing to the values observed at 
20◦. When the collimated beam is scanned to 60◦, there is an average 
scanning loss of 3.5 dB, while still ensuring sidelobe levels (SLL) below 
− 10 dB and cross-polarization (X-POL) levels below − 25 dB. Moreover, 
the 1.0-dB gain bandwidth remains consistently above 14 %. As shown 
in Fig. 11, the maximum beam squint is 6◦ at the higher edge of the 
frequency band which is relatively small compared with other reported 
beam-steerable RAs because the quasi-TD line design partially mitigates 
the beam squint effect. Table 2 provides a comparison of the measured 
performance of the proposed NRD waveguide RA prototype with other 
reported wideband beam scanning RAs and waveguide type RAs. The 
results indicate that the proposed RA has significant advantages in terms 
of gain bandwidth with improved efficiency. Moreover, the proposed RA 
exhibits low X-POL values, benefiting from its waveguide-type structure. 

4. Conclusion 

A wideband multi-bit RA based on NRD waveguide has been 
designed and experimentally verified. Due to the wideband feature of 
the proposed NRD waveguide unit cell, the RA offers significant ad-
vantages of wide bandwidth for all collimation beams, which proves the 
suitability of NRD waveguides for beam-scanning wideband RA appli-
cations with low cross-polarization and low metal loss. The reconfig-
urable for real-time beam scanning can be achieved by mechanical 
methods, such as micro motors or magnetostatics [27]. 
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