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Metallic metacubes formed of six metal plate faces connected via a metal jack are shown to backscatter microwave 
radiation extremely powerfully. Experimental radar scattering cross-section (RCS) data from 3D printed samples agrees very 
well with numerical model predictions, showing a monostatic RCS of fifteen times the geometric cross section. The principal 
resonance of the metacubes demonstrates near-complete independence of the incident angle or polarisation of the 
radiation, making the metacube an omnidirectional scatterer. The metacubes are fabricated via additive manufacturing 
from metal-coated polymer, and are extremely lightweight, making them excellent candidates for improving the radar 
return signals from small objects such as drones and cubesats. 
 

1. Introduction 

.  

The world around us from the seas to outer space is 

becoming crowded with objects that are difficult to detect via 

conventional radar - from established technologies such as 

small boats[1] and gliders[2], to new arrivals like quadcopter 

drones[3], [4] and biscuit-sized cubesats in outer space[5]. 

The issue of detectability of these new technologies is causing 

significant problems, such as the shutting down of airports[6] 

and the loss of dozens of satellites[7], which remain in orbit 

as dangerous space-junk.  

 

Traditional methods to boost the radar scattering 

cross-section (RCS) of an object that does not interact 

strongly with electromagnetic radiation are the addition of a 

high RCS element such as a corner reflector[8] or a partially 

coated Luneberg lens[9], [10]. The operation of these RCS-

boosting systems is based around the reflection and/or 

diffraction of microwave radiation, and as such their size 

must be at least a few wavelengths across in order to ensure 

efficient operation, and so they are generally rather large (> 

20 cm) and heavy[11]. This precludes their use in small or 

lightweight applications, such as quadcopter drones, which 

have notoriously small RCS[3], [4], [12] and where a reliable 

way to boost the detectability remains a significant problem. 

More recently, several 2D metamaterial retroreflectors have 

been demonstrated to be effective, achieving comparable 

results to industry standards,[13]–[15] but these still require 

a significant surface area, and only operate in a planar 

configuration and within a limited angular range. What is 

required is a method to boost the RCS with minimal impacts 

on the weight and size of the object.  

 

 
Figure 1: a) 3D diagram of the metacube. b) Metacube 

samples, 3D printed using a stereolithography printer and 

then metallised via electroplating. c) The modelled 

monostatic RCS  of a metacube 4.25 mm wide, with a 2.8 

mm plate width, a 0.4 mm plate thickness and a 0.8 mm strut 

support thickness. The monostatic RCS of a 4.25 mm a solid 

copper cube is also shown, highlighting the increase in RCS 

caused by the structure of the metacube. Microwave 

radiation is incident normal to the face of the cube along the 

x-axis, polarized along the z axis. All RCS values are 
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normalised to the cross sectional area of the cube, AP =1.8 x 

10-5 m2
. 

 

 

An alternative to the diffraction-limited systems 

described above is to utilise subwavelength resonant 

structures which interact very strongly with incoming 

radiation and scatter extremely efficiently about a defined 

resonance, which can be tuned via their geometry. This idea 

has long been utilised in optics for applications from 

sensing[16]-[18], to light management in solar cells[16]–

[19], but has not been greatly exploited in the microwave 

regime. In this paper we propose the use of a 3D metacube as 

a powerful subwavelength scatterer, which shows an RCS 

profile 15 times its geometric cross section. The cube is 

effectively constructed of three orthogonal capacitively 

loaded dipole antennas, and as such shows omnidirectional 

scattering behaviour, with an RCS that is unchanged at 

resonance by incident angle and polarisations. We used 

advanced manufacturing methods such as additive 

manufacturing via stereolithography and nanocrystalline 

electroforming to fabricate these complex geometries to a 

high level of precision, and demonstrate through simulation 

and experiment the potential of this technique to create 3D 

omnidirectional superscatterers.  

 

 
Figure 2: The surface charge (colouration) and surface 

current (arrows, left) and the electric field profiles (right) 

for a simple square rod of length 4.25 mm, and width 0.8 

mm at the resonance frequency of 26 GHz (a) and an 

identical rod terminated with square plates with a plate 

width of 2.8 mm and a plate thickness of 0.4 mm at 14.6 

GHz (b), which is equivalent to one third of the metacube. 

All values are normalised to the maximum for the plated 

rods. (c)The modelled monostatic RCS for both structures 

(normalised to the cross sectional area of a 4.25 mm cube). 

 

 

2. Highly scattering subwavelength metacubes 
 

The designed structure of the metacube is shown in 

Figure 1a. Six metal plate faces are connected via three 

orthogonal metallic rods, which is labelled here a metal jack. 

The 3D as-printed and metal-coated structure is shown in Fig. 

1b. Visible in this image are the thin connecting supports 

which held the cubes for printing and coating. The cubes are 

detached from these for the radar scattering studies reported 

below. Modelling undertaken using the Comsol RF module, 

as shown in Fig. 1c this predicts a resonance having a 

monostatic RCS several times that of a solid copper cube of 

equivalent cross-section.  

 

 

 
Figure 3: a) Simulated RCS showing the difference in 

response between a single, end-loaded dipole (with optimum 

incident condition) and the 3D metacube. (b) Simulated RCS 

of the metacube due to microwaves incident along the 

principle directions with the polarizations indicated (inset). 

All RCS values are normalised to the cross sectional area of 

a 4.25 mm cube. 
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This enhancement can perhaps be best understood 

by starting with a single dipole antenna, as shown in Fig. 2a, 

where the resonance is defined by the dimensions of the rod. 

The addition of perpendicular metal plates to the ends of the 

dipole increases the capacitance[20], resulting in a strong 

redshift of the resonance to lower frequencies. The increase 

in surface charge (shown in Fig. 2) also leads to stronger 

electric fields. It also produces greater current flow across the 

antenna, which will increase the radiation efficiency[21], 

along with the Q-factor of the antenna[22], as can be seen in 

Fig. 2c. The Q-factor is raised from Q = 1.9 for the simple 

dipole to Q =3.8 for the dipole loaded with two end plates. 

This simple addition of plates can therefore be said to lead to 

stronger, narrower, scattering resonances at lower 

frequencies compared to a simple dipole.  

 

 
Figure 4:  Simulated electric field plots and charge 

distribution diagrams of the primary and secondary modes 

of the metacubes described in Fig. 1,  with microwaves 

incident normal to a face (a) and normal to an edge with 

perpendicular polarisation (b) & (c).  
 

Whilst this effect is significant, due to the limited 

symmetry of its geometry, the structure shown in Fig. 2b will 

only demonstrate this behaviour for selected incident angles 

and polarizations. Small RCS objects like drones could have 

any orientation in three-dimensional space and so this very 

limited angular scope is not particularly useful. To overcome 

this limitation the metacube shown in Fig. 1a is proposed to 

achieve omnidirectional scattering behaviour. This is formed 

of three plate-loaded dipoles at right angles, meaning that for 

any direction and polarisation the scattering at the dipolar 

resonance should be the same.  

 

Figure 3a) demonstrates that connecting these three 

orthogonal plate-loaded dipoles has a small effect on the 

resonance frequency and Fig. 3b) highlights the 

omnidirectional scattering behaviour , showing that around 

the dipolar peak the scattering is almost invariant for all key 

incident angles and polarisations. For all incident angles, the 

fundamental mode is an electric dipole at the same frequency, 

although, due to interaction between the charges on different 

plates, the electric near-field is substantially different to the 

normal incidence case (Fig. 4a & 4b). For light incident at an 

edge and polarised perpendicular to that edge, and light 

incident along a vertex, a secondary sharp mode is found as 

shown in Fig. 3b. This is a quadrupolar mode, as 

demonstrated in Fig. 4c). The rod structures shown in Fig. 2, 

do not support significant higher order modes, so the mode in 

Fig. 3b can be said to be a consequence of the 3D structure of 

the metacube. In this way the metacube is seen to behave like 

a resonant nanoparticle in the optical, where multiple orders 

of modes often closely overlap[16], [23] and can lead to very 

strong forward and reverse scattering[24]. The narrow nature 

of these quadrupolar resonances could be of interest for 

applications that must operate in a limited spectral range[25]. 

 

It is instructive to take a deeper look into the effect that 

each geometrical parameter has on the resonances of the 

metacube. There are four parameters to alter: The length and 

thickness of the rods, and the width and thickness of the 

plates. Of these, extending the rod length and the plate width 

outwards is simply creating a longer dipole and so will result 

in a redshift of the peaks. The effect of altering the plate 

widths and rod lengths are less immediately obvious 

however, and the consequence of a parameter sweep of each 

is shown in Fig. 5. 

 

It is clear from Fig. 5a that longer plates result in a 

redshift of the resonance, as well as an increase in RCS 

magnitude and Q-factor of the peak. This is in alignment with 

the model of this system (at the fundamental resonance) as a 

3D array of capacatively loaded dipoles, where increasing the 

capping plate length is known to produce the observed effect 

[23]. Fig 5b also demonstrates adherence of this system to the 

dipolar model and shows that thinner connecting rods lead to 

stronger, sharper resonance peaks at longer frequencies. 

 

Therefore it can be said that to achieve the strongest 

resonance possible for a given size of meta-cube, one must 

make the plates as large as possible and the connecting rods 

as thin as possible. However, this will result in a significant 

narrowing of the resonance, and so for a broadband effect a 

compromise would have to be determined. Additionally there 

will always be some trade-offs required to achieve this 

resonance at a particular frequency, and all parameters will 

be constrained in practice by the limitations of the method 

used to fabricate samples.  
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Figure 5: (a) Simulated effect on the monostatic RCS of 

changing the plate width, pw, for a metacube 4.25 mm wide, 

with a 0.4 mm plate thickness and a 0.8 mm strut support 

thickness. (b) Simulated effect on the monostatic RCS of 

changing the support thickness, st,  for a metacube 4.25 mm 

wide, with a 2.8 mm plate width and a 0.4 mm plate 

thickness. Microwave radiation is incident normal to the 

face of the cube along the x-axis, polarized along the z axis. 

The insets list the parameter being altered in each case. 

 

3. Experimental Verification 

 
To verify these model results, we fabricated several 

metacubes via stereolithography 3D printing using a 

Formlabs Form2. Samples were then coated in a 5 μm layer 

of copper, ensuring the copper was thick enough to exceed 

the skin depth at the frequency of interest (around 0.5 μm at 

15 GHz). A typical resulting metacube is illustrated in the 

photograph of Fig. 1b. Its final dimensions were: overall size 

4.21 ± 0.04 mm; plate size 2.78 ± 0.05 mm; plate thickness 

0.41 ± 0.02 mm; rod width 0.82 ± 0.03 mm.  It is worth noting 

that due to the small quantity of metal used, these samples are 

very light, weighing 0.042 ± 0.002 g each. Thus even a 

substantial array would have a negligible impact on the 

weight of any object they are added to, making them ideal for 

applications where light weight as well as high radar visibility 

are critical, such as for quadcopter drones, gliders and 

cubesats. 

 

The radar cross section (RCS) measurements were carried out 

in NPL’s small antenna radiated testing (SMART) 

chamber[26]. The chamber has shielded room dimensions of 

7.15 m long 6.25 m wide 6.25 m high, whose inner surfaces 

are fully lined with 45 cm long TDK polyethylene foam 

pyramidal absorber. A bi-static system with two ETS 3117 

horns was used (see Figure 6a). Tests were performed with 

the metacube positioned at the centre of rotation of the 

turntable. Brass reference spheres with diameters of 12.7, 8 

and 4 mm were measured using the same setup as the 

metacube to validate the measurement system. The main 

supports used for the reference sphere and metacube were 

made with Rohacell 31HF foam, with a base support made 

from polystyrene blocks. For each measurement an empty 

chamber trace was taken, with supports in place but the item 

to be measured absent. Then the metacube was positioned, 

and a vector network analyser (VNA) was employed to 

measure the reflected voltage ratio as a complex value where 

cable losses and VNA isolation was also measured and used 

to correct the measured voltage ratios. Note that to reduce 

coupling and crosstalk between the transmitting and receiving 

horns a small screen was inserted between them. 

 

 
Figure 6: (a) Experimental setup used to calculate the RCS. 

(b) & (c) Experimental and simulated results of the 

monostatic radar scattering cross section for the cubes 

(normalised to the cross sectional area of the cube) with 

radiation incident at 45 degrees to the normal of the faces 
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(along the [110] vector) polarized parallel (b) and 

perpendicular (c) to that edge (see insets). 
 

The simulated and experimental results for select orientations 

is shown in Fig. 6, with the 3D printed samples demonstrating 

excellent agreement with the simulations and showing an 

RCS profile 15 times its geometric cross section at the dipolar 

resonance. 

 

4. Conclusion 

In conclusion, we model and experimentally characterise a 

new type of subwavelength microwave meta-particle 

scatterer, which demonstrates powerful omnidirectional 

scattering at its resonance and shows behaviour akin to 

plasmonic particles in the optical regime, with the excitation 

of higher order geometric modes. Samples were fabricated 

via additive manufacturing and metallised before 

characterising in an anechoic chamber. The metacubes 

showed a monostatic Radar cross section 15 times their 

geometric cross section at the dipole resonance, several times 

that of an equivalently sized copper cube. The quadrupole 

resonance showed an even stronger response, with a very 

narrow peak, and has potential for use in narrowband 

communications or unique object identifications. The 

metacubes are extremely light and show excellent potential 

for improving the radar visibility of small objects such as 

drones.  
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