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Abstract—This communication proposes a new all-dielectric 
broadband dual-band reflectarray with a large frequency-ratio using low-
cost 3-D printing. In contrast to conventional reflectarrays using metallic 
resonant cells or dielectric slabs as phasing elements with full metal ground, 
the proposed design uses air as the phasing element and a stepped dielectric 
mirror structure as the ground. In this way, the metal ground is removed, 
which makes the design an all-dielectric one. Taking advantage of the 
dielectric mirror that only exhibits a bandgap in the pre-designed band 
while allowing electromagnetic (EM) waves to pass through it at the 
frequency out of the bandgap region, a dual-band reflectarray is obtained. 
By properly selecting the bandgap frequency of the dielectric mirror, the 
dual-band frequency-ratio is scalable and can be very large. Furthermore, 
instead of using a metallic or dielectric resonator based on resonance, air 
layers with linear phase response are adopted as the phasing element. Thus, 
the reflectarray shows broadband and stable performance over the dual-
band. Compared with state-of-art works using printed-circuit-boards 
(PCBs) or micro-fabrication, the proposed design is low-cost and 
lightweight, and can be rapidly prototyped. For proof-of-concept, a 
prototype operating at K band and V band with a frequency-ratio of 2.7 is 
printed and measured. 

Index Terms—3D printing, reflectarray, millimeter-wave (mm-wave), 
dual-band, frequency-ratio, dielectric mirror. 

I. INTRODUCTION 

   Combining many favorable features of both reflector antennas and 
printed antenna arrays, a reflectarray is a light-weight and low-profile 
high gain antenna [1-3]. The reflection phase of each pixel on the 
aperture can be directly controlled without a feeding network, which 
makes it attractive for wireless communication [4-6]. As future 
systems are now exploiting a wide frequency spectrum from sub-6-
GHz to the low terahertz (THz) region, dual-band/multi-band 
reflectarrays with a large frequency ratio are becoming more and more 
popular [7-11].  To achieve a large frequency ratio, one approach is to 
utilize a stack of two phasing element layers with each operating at one 
frequency band. For example, a microstrip concentric dual split-loop 
element operating at K-band is put on the top of an L-band element [9] 
with frequency-selective-surface (FSS) as a spacer. Because of the 
stacked layers, blockage effects degrade the efficiency and gain of the 
lower reflectarray. To get around this problem, Deng, et.al proposed 
the Phoenix element [12] to realize a single-layer dual-band 
reflectarray, albeit with a restricted frequency-ratio of up to 2. 
Dielectric-based reflectarrays are also widely used to avoid conductor 
loss since the loss in the resonant metallic phasing elements increases 
to a degree at THz frequencies and above [13]. For example, dielectric 
slabs with variable heights are commonly used as the phasing element 

[14-21]. Nevertheless, these designs operate at a single frequency band 
because the dielectric slabs can only achieve a 2π phase change over 
one frequency band. In the THz and optical bands, many reported 
reflectarrays present low loss using high dielectric materials (such as 
high-resistivity silicon (HR Si) and titanium dioxide) as dielectric 
resonators (DR) sitting on a gold ground [22-24]. Currently, most 
dielectric-based reflectarrays are constructed from dielectric slabs 
(perforated holes), or DR as the phasing element and metal plane as 
ground. To the best of our knowledge, an all-dielectric dual-band 
reflectarray with a large frequency-ratio has not been previously 
reported. 
    3-D printing, also known as additive manufacturing, has provided a 
new and economical way to construct low-cost beam shaping devices 
compared to subtractive microfabrication techniques [25]. More 
importantly, 3-D printing is good at processing complicated structures, 
which is difficult to achieve in traditional fabrication. Many dielectric-
based devices operating from microwave to THz regions have been 
demonstrated with good performance and low cost using 3-D printing, 
such as lenses [26-31], phase plates [32] and Bessel beam launchers 
[33].  
    In this communication, we propose an all-dielectric dual-band 
reflectarray that adopts a stepped dielectric mirror as the ground and 
air as the phasing element. In this way, the conventional metal ground 
is removed and enables 3D printing of the whole device. Unlike a full 
metal ground, a dielectric mirror only has bandgap characteristics at 
the pre-designed frequency. Out of the bandgap, electromagnetic (EM) 
waves can pass through it with little hindrance. This feature makes the 
dual-band property of the dielectric-based reflectarray possible. By 
properly selecting the bandgap feature of the dielectric mirror, the 
dual-band frequency-ratio is scalable and can be very large. 
Furthermore, since phase tuning is realized using an air layer with a 
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Fig. 1. Configuration of the proposed dual-band all-dielectric reflectarray. 
(dg=4.8 mm). 
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linear phase response, the reflectarray is broadband and shows stable 
performance. Besides, no mutual interference occurs between the dual-
band in regard to phase, and thus the compensating phase of the dual 
bands can be considered independently. A prototype operating at K 
band and V band is printed and measured to verify the idea. 

II. DUAL-BAND ALL-DIELECTRIC REFLECTARRAY   

We take the design of a K-/V-band reflectarray as an example to 
illustrate the idea. The basic configuration of the proposed dual-band 
all-dielectric reflectarray is shown in Fig. 1. The high-band reflectarray 
is on the top, which can reflect and collimate the EM-wave at V-band 
and allow the K-band EM-wave to pass. The bottom reflectarray 
reflects and collimates the K-band wave.  

A. Dielectric Mirror 

    The basic building block of the reflectarray is based on the dielectric 
mirror, which is formed by periodically stacking dielectric layers and 
air layers, as shown in Fig. 2 (a). At low frequencies, i.e. the 
wavelength is much longer than the periodicity, the wave propagates 
through the structure as if the structure is homogenous with the 
corresponding effective refractive index. As the frequency increases, 
multiple partial reflections from the boundaries (between two materials 
with different refractive indexes) become important and all these 
partially reflected waves interfere with each other and give rise to a 
significant overall reflection. Eventually, when the cut-off frequency 
is reached, the wave is completely reflected. This cut-off frequency 
and the bandgap can be found using eigenmode analysis in ANSYS 
HFSS assuming infinite periodicities, as shown in Fig. 2 (b) and (c). 

Note that multiple bandgaps can be achieved using the periodical 
structure, but only the lowest bandgap is used in the design. The 
location of the bandgap can be adjusted by tuning the length of the 
periodicity. The larger the periodicity is, the lower frequency of the 
first bandgap will be. This means one can easily control the bandgap 
of the dielectric mirror and thus the operating frequencies of the 
reflectarray. The bandwidth of the bandgap can also be controlled as 
the bandgap region increase with the index difference (n1-n2) [34]. 

Ideally, the dielectric stack of the dielectric mirror is infinite. In 
practice, sufficient reflection can be achieved by using multiple 
periodicities of the dielectric stack. In the design, the reflectarray in the 
high-band is achieved by stacking five-dielectric layers using 
polylactic acid (PLA) with a dielectric constant of 2.5, loss tangent of 
0.025, and thickness of 0.8 mm in order. The distance between two 
adjacent dielectric layers (air layer) is 1 mm. The lower-band 
reflectarray stacks four-dielectric layers (PREPERM® 3-D ABS) with 
a dielectric constant of 4, loss tangent of 0.004, and a thickness of 1.5 
mm. The distance between two adjacent dielectric layers is 3.5 mm. 
The simulation model of the V-band dielectric mirror structure and its 
corresponding transmission and reflection coefficients are shown in 

n1 n2

d

k

Dielectric 
layer Air layer

z
x

0.0 0.2 0.4 0.6 0.8 1.0
0

20

40

60

80

100

120

Bandgap

Allowed Second Band

Allowed First Band

kd/p

Fr
eq

ue
nc

y 
(G

H
z)

 
                   (a)                                                            (b) 

0.0 0.2 0.4 0.6 0.8 1.0
0
5

10
15
20
25
30
35
40
45

Allowed Second Band

Allowed First Band

F
re

qu
en

cy
 (

G
H

z)

kd/p

Bandgap

 
(c) 

Fig. 2 (a) Basic configuration of the dielectric mirror. (k is propagation 
constant inside medium). (b) Dispersion curve of the proposed V-band 
dielectric mirror structure. (c) Dispersion curve of the proposed K-band 
dielectric mirror structure. 
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           (a)                                                             (b) 
Fig. 3. (a) Simulation model of dielectric mirror in ANSYS HFSS for V-band 
reflectarray. (b) Transmission and reflection coefficients of the structure. 
(d1=0.8 mm, d2=1 mm, Px1=Py1=3.5 mm). 
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               (a)                                                            (b) 
Fig. 4. (a) Simulation model of dielectric mirror structure in ANSYS HFSS 
for K-band reflectarray. (b) Transmission and reflection coefficients of the 
structure. (d3=1.5 mm, d4=3.5 mm, Px2=Py2=7.5 mm). 
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Fig. 3. From 60 GHz to 75 GHz (bandgap region), the reflection 
coefficient is near 0 dB while the reflection coefficient is lower than -

10 dB from 20 GHz to 30 GHz, indicating V-band reflection and K-
band transmission. The K-band dielectric mirror structure and its 
corresponding transmission and reflection coefficients are shown in 
Fig. 4. From 18 GHz to 27.5 GHz, the reflection coefficient is also near 
0 dB, demonstrating the EM-wave is reflected by the dielectric mirror 
at the K band.  

The transmission/reflection coefficients of the V-band and K-band 
dielectric mirror structure with different layers are given in Fig. 5. It is 
observed that better reflection can be achieved if more layers are used. 
Nevertheless. the thickness of the reflectarray is increased as well. 
Therefore, the number of layers is determined based on the trade-off 
between the good reflection and the thickness of the reflectarray. In the 
proposed design, five layers and four layers are adopted for the V-band 
and K-band, respectively. The transmission coefficients of the two 
structures are lower than -13 dB and -17 dB, respectively, which show 
sufficient reflection to form the dielectric mirror. 

As the dielectric mirror structures are used for the building blocks 
of the reflectarray, it is important to investigate the performance of the 
dielectric mirror structures under oblique incident waves. The 
simulated reflection coefficients of the dielectric mirror structures 

under incident angle up to 40-degree are shown in Fig. 5. It is found 
that the bandgaps of the V band and K band are very stable and the 
operating bandgaps slightly shift to the higher frequency when the 
incident angle increases. 
 
B. Reflectarray Design 

The array of the proposed dielectric mirror structure in Section II. A 
is built in a stepped configuration to form the reflectarray.  In this way, 
the air is used as the wideband phasing element, which is different from 
conventional designs using dielectric slabs [17-20]. The reflectarray is 
synthesized using eight unit cells (UCs) (3-bit phase quantization). 
Therefore, the thicknesses of the air layer (h1) for V-band are 0 mm, 
0.288mm, 0.576 mm, 0.864mm, 1.152 mm, 1.44 mm, 1.728 mm, 2.016 
mm, and their corresponding reflection phases are given in Fig. 7 (a). 
The thicknesses of the air layer (h2) for K-band are 0 mm, 0.78mm, 
1.56 mm, 2.34 mm, 3.12 mm, 3.9 mm, 4.68 mm, 5.46 mm, and their 
corresponding reflection phases are given in Fig. 7 (b). Nearly linearly 
phase response can be observed in both bands. The phase 
compensation on the aperture is calculated according to Fermat’s 
principle of equality of electrical path lengths of incoming EM waves 
[3]:  
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Fig.5.  (a) Simulation transmission/reflection coefficients of dielectric 
mirror for V-band reflectarray with different dielectric layers. (b) 
Simulation transmission/reflection coefficients of dielectric mirror for K-
band reflectarray with different dielectric layers. 
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Fig. 6. (a) The reflection coefficients of V-band dielectric mirror structure 
under oblique incident angles. (b) The reflection coefficients of the K-band 
dielectric mirror structure under oblique incident angles. 
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where f is the focal length, λ0 represents free-space wavelength and φ0 

is the initial phase at the original point. The aperture size is 77 mm × 
77 mm and the focal length is set as 150 mm. 22 × 22 and 10 × 10 sets 
of phasing elements are used for the high-band and low-band 
reflectarray, respectively. Generally, for conventional multi-layered 
reflectarrays, the upper phasing element will affect the bottom phasing 
element due to mutual coupling. A high-performance FSS structure has 
to be used to avoid such coupling [8],[9]. In the proposed design, 
because all the phasing elements of the upper reflectarray are the same 
(only positions along the z-direction are different), they do not impose 
change on the compensating phase of the lower reflectarray. Thus, the 
compensating phase of the two bands can be considered independently. 

The calculated compensating phase masks of the high-band and low-
band reflectarray are shown in Fig. 8. 

III. FABRICATION AND MEASUREMENT  

The prototype of the reflectarray is fabricated using a generic 3-D 
printer, a Flashforge Guider II, as shown in Figs. 9 (a)-(b). The V-
band/K-band reflectarrays are composed of five/four dielectric layers, 
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Fig.7.  (a) Reflection phase of eight UC at V-band. (b) Reflection phase 
of eight UC at K-band. 
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(a)                                                       (b) 
Fig. 8. (a) Compensating phase at V band. (b) Compensating phase at the 
K band. 
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Fig. 9. (a) Top view of the V-band structure. (b) Top view of the K-band 
structure. (c) Assembled view. (d) Measurement system. 

TABLE I 

COMPARISON OF DIFFERENT DUAL-BAND REFLECTARRAYS 

Ref       Configurations         Operating      Mutual      Gain      Frequency Fabrication 
                                                Frequency     interference             ratio                 

[7]    Single layer phasing   29.8/20      Strong     40/35.8      1.49        PCB 
        element + full Ground                                                                                
[8]    Multi-layer phasing   30.2/20.4     Weak     40.2/36.7   1.48        PCB 
            element + FSS                                                                                    
[9]    Multi-layer phasing     9.8/20      Medium   38.5/36.4   1.49        PCB 
              element + FSS                                       (directivity) 
[10]  Single-layer phasing    30/20      Medium    38.9/36.7   1.5          PCB 
         element + full Ground 
[11]  Multi-layer phasing   29.7/19.7     Strong    38.5/35.1   1.5          PCB 
                element                                               (directivity) 
[12]   Single layer phasing   20/10        Weak     36.1/30.3      2           PCB 
        element + full Ground 
[35]  Single layer phasing    13.5/9       Weak     23.4/17.8    1.5          PCB 
        element + full Ground 

[36]    DR+ full ground       10/5.68      Weak       23/19        1.76         N.A. 

This   Dielectric mirror        65/24        Weak     30.7/23.2     2.7          3-D  
work       + air                                                                                    printing 



IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION 

 

 

5 

respectively, and then they are assembled, as shown in Fig. 9 (c). The 
radiation performance is measured by using a far-field measurement 
system, as shown in Fig. 9 (d). The gain of the V-band feed horn is 20 
dBi at 65 GHz and the gain of the K-band feed horn is 21.05 at 24-
GHz. To reduce the blocking effect, the inclination angle of the feed 
horn antenna is offset by -20-degree, and thus the reflection direction 
is 20°. The radiation patterns at the V band (66-GHz & 70-GHz) and 
K band (24 GHz&27-GHz) are shown in Figs. 10 and 11, respectively. 
The measured gains are shown in Fig. 12. The peak gain is 30.7 dBi 
for the V band and 23.2 dBi for the K band. Because air is used as 
phasing elements with linear phase response, the reflectarray shows 
broadband performance with a 1-dB gain bandwidth of 32% (from 21 
to 29 GHz) for the K band and 15.7% (from 64 to 75 GHz) for the V 
band. 

IV. DISCUSSION 

Table I compares the proposed reflectarray with previous devices. 
As can be seen, most of the dual-band reflectarray antennas are based 
on metallic resonators either printed in a single layer or arranged in 

multiple layers. Additional efforts are required to reduce the mutual 
coupling between different resonant cells, such as using FSS or 
designing sophisticated resonators [8-10]. In [36], a dual-band 
dielectric reflectarray was proposed by cutting a notch on the dielectric 
resonator, which remains complicated to fabricate. Additionally, 
because the metallic structure and DR are based on resonance, the 
bandwidths of the designs are generally narrow. In fact, existing 
dielectric-based reflectarrays are always implemented by planting 
dielectric slabs or DR on a full metal ground. While for the proposed 
design, no metal is required, making the design all-dielectric.  Since 
the 2π phase shift is achieved not based on resonance, the reflectarray 
can achieve broadband and stable performance over a dual-band.  
Considering the resolution/fabrication tolerance of the FDM-based 3D 
printing, we choose the periods of the unit cell (UC) as 3.5 mm (0.76 
λ0@ 65GHz) and 7.5mm (0.6 λ0@ 24GHz). A smaller UC period can 
be used for better phase compensation. However, there is a trade-off 
between the reflectarray performance and fabrication 
resolution/tolerance. Since the all-dielectric reflectarray does not rely 
on UC resonance, we choose to use relatively bigger UC sizes for easy 
fabrication. 

Because the dielectric mirror structure is isotropic, the design 
concept is also useful for circularly polarized EM-wave. The dielectric 
mirror structure is more suitable for building a large frequency ratio 
reflectarray regarding the frequency ratio. A dielectric mirror structure 
with higher frequency selectivity and better out-of-band transmission 
should be used for a small frequency ratio. It is also worth mentioning 
that, during the printing process, we found that the PLA-based 
dielectric mirror shows better surface roughness and mechanical 
performance than the ABS-based one. For this reason, we adopted 
PLA to form the V-band dielectric mirror, albeit a higher loss tangent. 

V. CONCLUSION 

In summary, a 3-D printed dual-band dielectric-only reflectarray 
operating at V band and K band is proposed and demonstrated. Taking 
advantage of the dielectric mirror that only exhibits a bandgap in the 
pre-designed band while allowing EM waves to pass through it at the 
frequency out of the bandgap region, a dual-band reflectarray is 
obtained. The Air layer is used as the phasing element, enabling an all-
dielectric reflectarray with broadband feature over two bands. Because 
of independent phase control, the dual-band frequency-ratio can be 
very large. Besides, the design enjoys the benefit of 3-D printing at 
low-cost and lightweight.  
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     Fig. 10. Simulated and measured radiation patterns. (a) 66 GHz. (b) 70 GHz. 
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      Fig. 11. Simulated and measured radiation patterns. (a) 24 GHz. (b) 27 GHz. 
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Fig. 12. Simulated and measured antenna gain. 
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