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Abstract: Backscattering reduction is usually achieved by using either absorbers or 
diffractions gratings at the expense of a narrow bandwidth. In this paper, we propose a 
different strategy based on a metallic compound reflection grating (CRG). We demonstrate 
that this structure allows a strong and broadband (fractional bandwidth, FBW ≈57%) 
backscattering reduction in the terahertz (THz) range by efficiently transferring the incident 
energy to the diffracted modes. The design is analyzed in terms of equivalent circuit and 
numerical simulations and the results are corroborated by a manufactured prototype operating 
at 0.35 THz. 
© 2017 Optical Society of America 
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1. Introduction 
The ability to reduce the backscattering of an object is of high importance in a wide range of 
applications, such as radar and telecommunication systems, military applications, etc. There 
are several strategies to achieve a reduction of scattered back radiation (monostatic 
scattering). Probably the most intuitive and widely used technique is to absorb the incident 
power by a layer of a radar absorbing material (RAM) [1]. RAM solutions at THz can be 
made broadband (FBW > 100% for –10 dB reduction) using resonant systems [2], or complex 
metamaterial absorbers (FBW ≈90% for –10 dB reduction) [3]. However, in high power 
systems this approach could lead to a huge amount of absorbed energy dissipated as heat in 
the system. In order to protect the system electronics, this heat needs to be handled leading 
usually to heavy and voluminous final systems [1]. Moreover, RAM based solutions are not 
rigid and susceptible to degradation in harsh environments. Another technique, which 
circumvents the heating problem and can have a rigid metallic profile, is based on diffraction 
gratings [1,4] where the reflected power is redirected eliminating both specular reflection [5–
7] and backscattering [8]. At difference with RAM solutions, gratings absorb only a small 
amount of the incident energy and can be used in high power systems. However, they are 
usually narrowband (FBW ≈25% for –10 dB reduction), limiting their use [9]. 

Recent advances in the fields of photonic crystals and metamaterials have opened new 
fascinating possibilities to engineer the electromagnetic properties of artificial media, giving 
researchers an unprecedented control over the propagation of electromagnetic waves not 
achievable with natural materials [10]. This has resulted in numerous innovative applications, 
such as beam shaping devices (lenses, squeezers, …) [11], beam steering devices [12] and 
even invisibility cloaks [13]. The latter, where the cloaking effect is achieved by completely 
eliminating the scattering from an object (not only monostatic scattering) [14] is a splendid 
example of how metamaterials can control the propagation of electromagnetic waves. 
However, since the lattice constant of the metamaterial inclusions is deeply subwavelength, 
fabrication generally becomes challenging in practice. More recently, with the appearance of 
metasurfaces (a monolayer of photonic artificial atoms which introduces an abrupt interfacial 
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phase and allows a full control over the reflected electromagnetic wave [15]), more practical 
and compact solutions have become feasible [16,17] keeping the attractive functionalities of 
shaping light wavefronts [18] and allowing scattering mitigation [19,20] in a relatively wide 
bandwidth. However, despite their numerous advantages, metasurfaces based on artificial 
atoms are still complex to manufacture, preventing their use in practical backscattering 
reduction applications. 

 

Fig. 1. (a) Fabricated prototype. Inset: unit cell geometry and parameters. (b) Comparison of 
analytical (dashed) and numerical (solid) reflection coefficient of a CRG with one (red), two 
(green) and three (blue) grooves. Analytical real (c) and imaginary (d) parts of the equivalent 
input admittance of the CRG with one (red), two (green) and three (blue) grooves. The 
admittance of the impinging wave is shown with dash-dotted dark blue line. (e) Simulation of 
the coupling from a normal incident plane wave to the first diffraction orders (TM( ± 1,0)) for a 
grating with one (red), two (green) and three (blue) grooves. The dashed gray line marks a 
level of –3 dB and is the maximum of the coupling to a diffraction order. (f) Snapshot of the 
magnetic field Hy at the highlighted frequencies: (I) f = 0.262 THz and (II) f = 0.384 THz. 

Here we propose an alternative and less complex structure for backscattering reduction 
based on a metallic compound reflection grating (CRG), a structure that has been lately 
proposed, attracting the attention of the scientific community [21–25]. CRGs comprise a 
finite number of subwavelength grooves in each period. When the corrugations are deep 
enough cavity modes can be excited resulting in a strong field enhancement inside the 
grooves with different phases in adjacent grooves [21]. These phase resonances allow 
controlling the input impedance of the compound grating and, therefore, matching it to the 
wave impedance of free space [26] leading to a significant reduction of the backscattering, 
and giving rise to a transfer of energy to the grating lobes with maximized efficiency. Here, 
we experimentally demonstrate a wideband reduction of the backscattering using a CRG in 
THz range. Its performance is analyzed both in specular reflection and in the diffracted modes 
scattered by the structure. The measurements are compared with both analytical results, 
obtained using an equivalent circuit [26], and numerical results, demonstrating a reduction of 
the backscattering of –6 dB with a fractional bandwidth (FBW) of 57%. 

2. Compound reflection grating design 
The unit cell of the CRG (see inset of Fig. 1(a)) used in this work has a period d and consists 
of three grooves with the same depth h. The grooves have a width w and are separated by 
metallic walls with a thickness g and are carved in a gold wafer with conductivity σ = 4.1 × 
107 S/m. The structure is illuminated at normal incidence with a TM polarized (Hy parallel to 
the grooves) plane wave. As demonstrated in [26], this structure can be accurately described 
using an analytical equivalent circuit model [27,28] where each groove of the grating is 
represented as a short-circuited transmission line whose characteristic admittance depends on 
the groove width, w. This model allows obtaining the reflection coefficient as well as the 
diffracted modes with little computational effort and provides a straightforward explanation 
of the underlying physics. With this theoretical framework, it is easy to obtain the input 
admittance of the CRG as a function of the grooves parameters h, g, w, and d. 
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Using the equivalent circuit, a CRG with three grooves per period was optimized setting 
as target to have backscattering reduction in the broadest possible band, for a central 
frequency equal to f0 = 0.35 THz (λ0 = 857 µm) getting as a result the final dimensions shown 
in Table 1. In Fig. 1(b) is depicted the analytical reflection coefficient (S11) magnitude of a 
CRG with one, two and three grooves (dashed red, green and blue lines respectively). The 
study was complemented with numerical results obtained using the frequency domain solver 
of the commercial software CST Microwave Studio® assuming unit cell boundary conditions, 
with a good agreement with the analytical results, see solid lines in Fig. 1(b). 

From Fig. 1(b), it can be seen that the compound grating with three grooves is able to 
reduce the backscattering up to 10 dB within a FBW = 43%. The broadband performance of 
the CRG can be explained by the analytical model. The key point is to observe that the input 
admittance depends not only on the admittances of the grooves but also on the coupling 
between them. For several grooves (> 2) there are more degrees of freedom to tailor the input 
impedance enabling more control over the impedance [26]. As shown in Fig. 1(c), the input 
admittance of the CRG with three grooves has a real part (solid blue line) close to the 
admittance of the impinging wave, while the imaginary part (dashed blue line in Fig. 1(d)) is 
close to zero in a broad frequency range, leading to a good free space impedance matching 
and a low reflection level as corroborated in the blue lines of Fig. 1(b). 

Table 1. Dimensions of the compound grating 

Parameter Designed, [µm] Measured, [µm] 
d 1560 1557 
h 175 145* 
g 135 128 
w 207 215 
* Estimated from the analytical calculation depth. 

 
Note that contrarily to RAM-based solutions, the low reflection level is not due to 

absorption in the structure, as demonstrated by the small imaginary value of the admittance 
that accounts for low dissipation of the CRG. In the proposed structure, the power is 
transferred to diffracted high order modes. This is displayed in Fig. 1(e) (solid blue line). The 
mechanism is as follows: due to the symmetry imposed by the normal incidence, in the CRG 
with one or two identical grooves the fields inside must be equal in all grooves. This fact 
prevents the incident wave from exciting the grooves with different phases, which in terms of 
the equivalent circuit model means that the grooves have identical admittances. This limits 
the control of the equivalent input impedance of the CRG and therefore cannot provide a 
wideband impedance matching with free space (see Fig. 1(c)). This results in a low efficiency 
of the energy transfer to the diffracted modes (see solid red and green lines in Fig. 1(e)) and, 
therefore, in a higher level of backscattering. On the other hand, in a CRG with three (or 
more) cavities the grooves can be excited with different phases. Therefore, by properly tuning 
the grooves’ dimensions one can achieve good impedance matching along with an efficient 
coupling to higher order diffraction modes reducing largely the specular reflection. 

The analysis of the CRGs can be completed with the field analysis of Fig. 1(f) that shows 
the magnetic field (Hy) distribution. Two interesting points can be highlighted in Fig. 1(b-d): 
(I) f = 0.262 THz and (II) 0.384 THz. At (I) a peak of perfect specular reflection (dashed blue 
line in Fig. 1(b)) appears, which is attributed to a phase resonance (π resonance) of the CRG 
[21,25,29] since the fields in adjacent cavities have a phase difference of π, as clearly seen in 
Fig. 1(f) (third row, first column). From the analytical circuit model, we find this reflection 
peak coincides with a vanishing real part of the equivalent admittance (see Fig. 1(c)). In 
CRGs with one or two grooves the cavities are also excited, see Fig. 1(f). However, since they 
do not support a π resonance, the grooves simply diffract the incident wave with low 
efficiency (see red and green lines in Fig. 1(e)) with a high reflections level, due to the 
mismatched input admittance of the CRGs. 
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At the second point (II), a high reflectance peak related to the onset of the second 
diffraction order appears for one and two grooves. From the equivalent circuit model we find 
that both real and imaginary parts of the admittance tend to infinity (see Fig. 1(c-d)), i.e. the 
CRG behaves as a short-circuit. This is confirmed in the 1-groove field analysis of Fig. 1(f) 
(first row, second column). The incident wave does not excite the field inside the cavity and is 
totally reflected. On the other hand, with 3-grooves the fields excited inside the cavities have 
different amplitude and phase. Then, an efficient coupling of the incident wave to the 
diffraction modes is enabled (due to the impedance matching with free space). Furthermore, 
the analytical model also predicts a high level of reflection with 2-grooves due to the high 
value of the equivalent admittance. However, from the numerical results it can be seen that 
the field is excited inside the grooves and the reflection coefficient is low. We attribute this 
disagreement to the approximations made in the analytical equivalent circuit model, where we 
consider only the fundamental TEM mode inside the grooves with a uniform field 
distribution, since the grooves are subwavelength, and the field between and outside the 
grooves is neglected. This results in the clear high peak of the real and imaginary parts of the 
admittance (see Fig. 1(c,d)) and therefore in a low coupling to diffraction modes. However, 
from Fig. 1(e) it is obvious that the field inside the grooves is not uniform, and there is some 
coupling between grooves. This more complex field distribution leads to the disagreement 
between the models and for wider and closer grooves could cause a bigger discrepancy. 

3. Experimental results 
To prove experimentally the previous findings, a CRG was fabricated by photolithography 
followed by a deep reactive ion etching on a silicon substrate using a Plasma PRO NGP80 
system. Afterwards, the obtained sample was sputtered with a thin layer of Au (250 nm, σ = 
4.1 × 107 S/m). At the lowest frequency limit (fmin = 0.22 THz) the skin depth is around tskin = 
170 nm, so this structure can be considered fully metallic. The parameters of the fabricated 
sample (except the depth h of the grooves) were measured using a microscope, showing some 
deviations from the optimal design (see Table 1) worsening the performance of the CRG, as 
shown next. The prototype has 15 periods and total dimensions 30 mm × 30 mm. 

The spectrum of S11 parameter for a normally incident wave with TM polarization (Hy) 
was measured in the frequency range 0.22–0.5 THz, using external millimeter-wave heads of 
OMLTM connected to an Agilent Technologies N5242A PNA-X network analyzer. A sketch 
of the used setup is shown in Fig. 2(a). High gain horn antennas were used to illuminate the 
fabricated CRG and obtain the S11 parameter, covering the whole frequency range. The 
transmitting horn antenna was placed a distance L1 = 400 mm away from the sample to ensure 
uniform illumination. The experimentally measured S11 is shown in Fig. 2(b) (solid red line). 

From this figure, it is obvious that the backscattering is reduced over a broad frequency 
band. The specular reflection is below –6 dB for almost the whole bandwidth, 0.3–0.5 THz. 
However, the level of backscattering reduction is worse compared to the optimal design (< 
−10 dB, see dotted gray line), due to the deviations in the manufacturing process. From the 
analytical model it can be shown that the performance of the CRG is more sensitive to the 
height of the grooves (not measured with the microscope) than the rest of parameters [26,29]. 
To verify this, the experimental results were compared with analytical and simulation results 
for different values of h, using the fabricated dimensions w, g, d and keeping the rest of 
parameters (σ, polarization, incidence angle, boundary conditions) as in the previous 
calculations. Since the analytical model allows to quickly solve the problem (in a matter of 
few seconds), it is possible to find the parameter h that gives better agreement with the 
experimental results. We found that a value h = 145 µm fitted the measured spectrum as 
shown in Fig. 2(b). The agreement between analytical, numerical and experimental curves is 
very good, confirming our previous statement about the fabrication errors in the grooves’ 
height. Moreover, in all the curves a peak of almost perfect reflection related to the π 
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resonance in the grooves, is present (see Fig. 2(b)). From these results a FBW ≈57% can be 
estimated for S11 < −6 dB. 

 

Fig. 2. (a) Schematic view of the experimental setups. (b) Reflection coefficient spectra for 
experimental (solid red line), numerical (dashed red line) and analytical (dotted blue line) 
results. The analytical and numerical results are obtained for d = 1557 µm, g = 128 µm, w = 
215 µm and the groove height h = 145 µm. The reflection coefficient for the optimal 
parameters (d = 1560 µm, g = 135 µm, w = 207 µm and h = 175 µm) is shown with dotted 
gray line. Normalized radiation patterns: (c) experimental and (d) simulation results; the black 
dashed lines are the analytical positions of the grating lobes of order (m = 1) and (m = 2). 

Next, in order to demonstrate the transfer of the reflected power to the grating lobes, the 
radiation patterns of the scattered field in the angular span of 9 – 69° were measured using the 
setup shown in Fig. 2(a). The experimental radiation patterns are shown in Fig. 2(c), with a 
good qualitative agreement with the simulation results (see Fig. 2(d)). Quantitatively, the 
small displacement of the grating lobes from the theoretical angles (see dashed lines in Fig. 
2(c), which represent the analytical solutions for the grating lobes) can be explained by small 
misalignments in the setup (between the sample and the transmitter) that lead to oblique 
incidence (instead of normal) on the grating. From Fig. 2(c) we estimate an incidence angle α 
≈4° using the grating equation [30]. This small deviation in α does not affect much the 
reflection coefficient, a fact that has been confirmed numerically (not shown here). 

4. Conclusions 
To sum up, in this work a CRG for backscattering reduction was designed, fabricated and 
measured. The experimental results were compared against analytical and numerical results, 
showing an excellent agreement between them. A wideband backscattering reduction of –6 
dB was confirmed with FBW = 57%. The presented metallic CRG has a low-profile, 
relatively simple for practical realization design and provides an efficient transfer of the 
energy to diffracted modes. This makes it appealing for high-power systems, such as radar 
and telecommunication systems, with clear advantages over the conventional solutions based 
on RAM (which cause heating and therefore are voluminous and heavy) and conventional 
metallic gratings (which have narrow bandwidth). 
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