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A 3-in-1 depolarizing circular scatterer for the polarimetric radar calibration is proposed in this paper. The proposed scatterer is low cost, compact, planar circuit, and well suited for the radar operating in a compact range, for example, chipless RFID technology. By the virtue of its circular shape, the rear side of the proposed scatterer acts as a metallic disk with strong co polarization backscattered signals. The front side is composed of eight resonant dipoles which make it nondepolarizing and depolarizing scatterers at the inclination of 0° and 45°, respectively. The features of proposed circular scatterer are tested as reference calibration objects for single antenna based polarimetric radar calibration techniques. Two test objects are utilized: a dihedral tilted at 45° and a depolarizing multi resonant planar structure commonly called chipless RFID tag. The performance of proposed circular scatterer is also compared with the standard reference calibration objects: a metallic disk and a dihedral tilted at 22.5°. The performance of proposed circular scatterer is comparable to the standard reference calibration objects for the calibration techniques (namely Type 1 and Type 2). The proposed scatterer is potentially tolerant of displacement up to 1 cm and misalignment equals 2°.

I. INTRODUCTION

OLARIMETRIC radars are also referred to as dualpolarization radars, as they can transmit and receive simultaneously over both vertical V and horizontal H polarizations. This dual-polarization behavior leads to antenna cross-polarization couplings. The conventional radar cross section (RCS) calibration approach does not take into account such cross polarization couplings (see [START_REF] Welsh | Full polarimetric calibration for radar cross-section measurements: performance analysis[END_REF], eq. ( 2)]). For accurate calibration of polarimetric radar, such cross polarization illumination errors should also be taken into account [START_REF] Gau | New polarimetric calibration technique using a single calibration dihedral[END_REF]. In the literature, numerous full polarimetric radar calibration procedures are proposed [START_REF] Welsh | Full polarimetric calibration for radar cross-section measurements: performance analysis[END_REF]- [START_REF] Whitt | A general polarimetric radar calibration technique[END_REF]. Generally, for full polarimetric calibration, at least two calibration scatterers (or at least two alignments of a depolarizing calibration scatterer) are needed. For example, common planar calibration scatterers are metallic plate [START_REF] Uluisik | Radar cross section (RCS) modeling and simulation, part 1: a tutorial review of definitions, strategies, and canonical examples[END_REF], metallic circular disk [START_REF] Bradley | An investigation of bistatic calibration objects[END_REF], whereas the common 3D calibration scatterers are wire mesh [START_REF] Sarabandi | Calibration of polarimetric radar systems with good polarization isolation[END_REF], [START_REF] Bradley | An investigation of bistatic calibration objects[END_REF], [START_REF] Olk | Highly accurate fullypolarimetric radar cross section facility for mono-and bistatic measurements at W-band frequencies[END_REF], metallic sphere [START_REF] Bradley | An investigation of bistatic calibration objects[END_REF], [START_REF] Kang | A method for polarization scattering parameter measurement and calibration based on vector network analyzer[END_REF], metallic cylinder [START_REF] Bradley | An investigation of bistatic calibration objects[END_REF], dihedral [START_REF] Beaudoin | Fully Polarimetric Bistatic Radar Calibration With Modified Dihedral Objects[END_REF], [START_REF] Uluisik | Radar cross section (RCS) modeling and simulation, part 1: a tutorial review of definitions, strategies, and canonical examples[END_REF], [START_REF] Bradley | An investigation of bistatic calibration objects[END_REF], and trihedral [START_REF] Uluisik | Radar cross section (RCS) modeling and simulation, part 1: a tutorial review of definitions, strategies, and canonical examples[END_REF], [START_REF] Bradley | An investigation of bistatic calibration objects[END_REF]. The cylinder, the dihedral, the trihedral, and the wire mesh are depolarizing objects.

In this paper, an augmented depolarizing circular scatterer is proposed for the full calibration of polarimetric radar. The proposed scatterer is composed of resonant dipoles. With the use of circular geometry and the resonant dipoles, the proposed scatterer presents a 3-in-1 behavior: 1) from the rear side, it behaves like a metallic disk; 2) from the front side with vertically aligned dipoles, it backscatters dominant co polarization signals; and 3) from the front side with 45° tilted dipoles, it backscatters strong cross polarization signals along with co polarization signals. Furthermore, the proposed scatterer is planar, compact, and realized by using low cost printed circuit board (PCB) technology. To the best of our knowledge, we present the first entirely planar 3-in-1 reference scatterer for polarimetric radar calibration. In contrast, usually, corner reflectors with large heights (dihedral and trihedral) are used for polarimetric radar calibration. Such a large height is a major limiting factor for these scatterers in terms of the radar range because their height should be compensated. The proposed scatterer is advantageous only for the systems that are forced to mimic the farfield measurements in the radiative near field (Fresnel region), for example, chipless radio frequency (RF) identification (RFID) technology. Chipless RFID tags operate in compact radar ranges because of low signal to noise ratio (SNR) at higher distances. The details of chipless RFID technology can be seen in [START_REF] Perret | Radio Frequency Identification and Sensors: From RFID to Chipless RFID[END_REF]. To decode the identification (ID) encoded in the magnitude of RCS, a precise estimation of RCS of a chipless RFID tag is required [START_REF] Rance | RCS Synthesis for Chipless RFID: Theory and Design[END_REF].

The organization of this paper is as follows. Section III outlines the experimental methodology. Section III presents the polarimetric radar measurement setup. Section IV presents the design, realization, and simulations of the proposed circular scatterer and the other supplementary scatterers. Section V presents the procedures of the radar calibrations. Section VI presents the measurement results of the radar calibration and the uncertainty analyses of the proposed
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II. EXPERIMENTAL METHODOLOGY

This Section briefly summarizes the experimental approach including the objects that are used, the calibration types, and the mechanism of comparison.

The polarimetric radar measurement setup is presented for all the experimental measurements.

The calibration and the test objects are presented: 1) proposed augmented depolarizing scatterer; 2) a metallic disk; 3) a dihedral; and 4) a chipless RFID tag. The metallic disk and the dihedral tilted at 22.5° are referred to as standard calibration set. The purpose of this standard calibration set is to make a point of reference for comparison with the performance of the proposed augmented calibration scatterer. On the other hand, the dihedral tilted at 45° and the chipless RFID tag are used as the test targets. These objects are used to determine the performances of both the proposed augmented scatterer and the standard calibration set.

A single antenna based polarimetric radar calibration technique is used for the radar calibration results. This technique is taken from [START_REF] Sarabandi | Calibration of polarimetric radar systems with good polarization isolation[END_REF] and referred to as calibration Type 1 in this paper. This calibration Type 1 is primarily dependent on the nondepolarizing object (that is, the rear side of the proposed scatterer or the metallic disk from the standard calibration set). We have derived a calibration Type 2 dependent on the depolarizing object (that is, the front side of the proposed scatterer tilted at 45° or the dihedral tilted at 22.5° from the standard calibration set). This calibration Type 2 is derived to show the limitations of the large height of the dihedral tilted at 22.5° from the standard calibration set.

The radar calibrations for the two test objects (the dihedral tilted at 45° and the chipless RFID tag) are calculated and compared using the standard calibration set as well as the proposed calibration scatterer for the calibration techniques Type 1 and Type 2. For each case of calibration objects, the calibration errors are calculated with respect to the simulated RCS signals of the test target. Also, the calibration errors for the proposed scatterer are calculated with respect to the calibrated signals from the standard calibration set. Finally, the proposed scatterer is characterized for the displacement and the rotational uncertainties.

III. POLARIMETRIC RADAR MEASUREMENT SETUP

The practical measurements of a scattering target with scattering matrix 𝐌′ from the polarimetric radar are modeled as found in [START_REF] Wiesbeck | A complete error model for free space polarimetric measurements[END_REF]:

𝐌′ = 𝐁 + 𝐑𝐒𝐓 (1) 
where 

𝐌 = 𝐑𝐒𝐓 (2) 
where 𝐌 = 𝐌′ -𝐁 is the background calibrated measured scattering matrix. For the rest of this paper, all measured signals are background normalized. Fig. 1 shows the measurement setup with monostatic radar configuration inside an anechoic environment. For the conception of polarimetric radar system, Satimo QH800 dual polarization horn antenna (0.8 -12 GHz) and Keysight P9375A vector network analyzer (VNA) are used, where the V and H polarized ports of the antenna are connected to the port 1 and port 2 of VNA. The cross polarization discrimination and port to port isolation of the employed antenna are larger than 30 dB with a range of gain 8 -13 dBi within the employed frequency sweep range of 2 -7 GHz [START_REF]Datasheet -Open Boundary Quad-Ridge Horns[END_REF]. The transmitting power delivered by VNA is -5 dBm. The objects are measured by placing them on a polystyrene quadpod in the center of main beam, where the antenna to scattering target distance is d = 28 cm. With d = 28 cm, both radar antenna and the calibration objects are in the Fresnel zones of each other. The Fresnel zone is considered because the proposed scatterer (composed of resonant dipoles) is intended for calibration of chipless RFID tags (composed of coupled resonant dipoles), where both the proposed scatterer and the chipless RFID tags might not be measured in farfield zone. 

IV. DESIGN, REALIZATION, AND SIMULATIONS OF THE SCATTERERS

Resonant dipoles are compatible (with a good compromise) with compact targets and capable to provide significant cross polarization signals. In addition, the resonant dipoles are lightweight planar structures that are very easy to fabricate using PCB technology. Conversely, the classical depolarizing reference objects (e.g., dihedral) are generally bulky and heavy structures. One advantage of the classical reference objects is the naturally wideband response. On the other hand, the resonant dipoles exhibit a high SNR only around the frequency of resonance. The proposed calibration scatterer is composed of classical microstrip-based eight resonant dipoles of different frequencies of resonances to cover a wide band. These types of microstrip dipoles are modeled in [START_REF] Svanda | Platform Tolerant, High Encoding Capacity Dipole Array-Plate Chipless RFID Tags[END_REF]. The resonant signals backscattered from the proposed scatterer might not be directly incorporated in the radar calibration procedures. Thus, to utilize the proposed scatterer for the radar calibration, the fit signals will be used in the numerical calculations.

A. Proposed Calibration Scatterer

The front and rear view of the proposed calibration scatterer is presented in Fig. 2(a) and (b), respectively. The proposed scatterer is realized by utilizing the Rogers RO4003C substrate with dielectric permittivity εr = 3.55, and substrate height h = 0.81 mm. The radius of the circular scatterer is r = 7.4 cm. The lengths of dipoles 𝐿 𝑖 are calculated using:

𝐿 𝑖 = 𝑐 2𝑓 𝑖 √𝜀 eff (3) 
where 𝑓 𝑖 is the frequency of resonance of ith dipole. 𝜀 eff = 2.80 is the effective permittivity for the microstrip technology [START_REF] Pozar | Microwave Engineering[END_REF]. Table I summarizes the three features of the proposed circular scatterer as the reference calibration objects. The proposed scatterer presents a 3-in-1 behavior: 1) circular disk scatterer from its rear side; 2) nondepolarizing scatterer from its front side aligned at 0°; 3) depolarizing scatterer from its front side aligned at 45°. To estimate the ideal RCS signals of the objects, we have compared different solvers with plane wave excitation: frequency domain (FD) solver of HFSS, FD solver of CST and time domain (TD) solver of CST. We have found that the TD solver of CST presents a good match with FD solvers of CST and HFSS. Also, with the accuracy of -60 dB, the simulation time of 100 pulses and sufficient mesh, TD solver of CST provides us good solutions in a reasonable simulation time duration. For all simulations results presented in this paper are done using TD solver of CST.

For example, the co polarization simulated RCS signals for the front side of the proposed scatterer aligned at an angle 𝜃 = 0° are denoted as 𝑆 HH F (CST) (0°) and 𝑆 VV F (CST) (0°). Here, the subscript corresponds to the polarization. The superscript corresponds to the side of the scatterer showing F or R for the front or rear side, respectively. The superscript mentions also that the RCS signals are estimated by the CST simulations.

The argument shows the alignment angle 𝜃. The alignment angles 𝜃 can be seen in the silkscreen of the realized circuit in Fig. 2(a). 

B. Supplementary scatterers

Three supplementary scatterers are also realized. Fig. 6 shows the photographs of the metallic disk, the dihedral, and the depolarizing RF Elementary Particle (REP) chipless RFID tag. The metallic disk [Fig. 6(a)] and the dihedral tilted at 22.5° [Fig. 6(b)] will be used as standard calibration objects to make a reference calibration for the comparison with the calibration performed using the proposed scatterer. On the other hand, the dihedral tilted at 45° [Fig. 6(b)] as well as the REP chipless tag [Fig. 6(c)] will be used as the test targets for the radar calibration.

The metallic disk and the dihedral are realized using a copper sheet with metal thickness t′ = 100 μm. The utilized copper sheet is with a brushed or polished finish as advised in [START_REF] Bradley | An investigation of bistatic calibration objects[END_REF]. The disk, the rear side of the proposed scatterer and the dihedral are the broadband scatterers. In general, the dimensions of these broadband scatterers are a few λ [START_REF] Knott | RCSR Guidelines Handbook[END_REF]. However, in our case, the dimensions of these scatterers are comparable to λ. The radius of the metallic disk [see Fig. 6(a)] is r = 7.4 cm that is chosen precisely the same as the proposed scatterer for comparison purposes. For normal incidence plane wave, the theoretical scattering matrix of perfectly conducting circular disk 𝑺 disk is estimated as [START_REF] Ruck | Radar Cross Section Handbook[END_REF]:

𝑺 disk = 4𝜋𝐴 2 𝜆 2 [ 1 0 0 1 ] (4) 
where 𝐴 = 𝜋𝑟 2 is the area of the metallic disk. The dihedral [see Fig. 6(b)] is constituted of two identical rectangular faces creased and folded at a right angle. The height and the width of the rectangular faces are Hdih=10.5 cm and Wdih=7.5 cm, respectively. For calculating the distance from the radar antenna to the dihedral three reference planes are considered: face, middle, and corner. These reference planes will be taken into account later in this paper.

With the normal incidence of plane wave, the maximum scattering coefficient 𝑆 vert. dih. from a dihedral with corner parallel to the V polarization is [START_REF] Knott | Radar Cross Section Measurements[END_REF]:

𝑆 vert. dih. = 8𝜋 ( 𝑊 dih 𝐻 dih 𝜆 ) 2 . (5) 
The scattering matrix of a vertically aligned dihedral (i.e., at 0°) is estimated as [START_REF] Knott | Radar Cross Section Measurements[END_REF]:

𝑺 dih. (0 ∘ ) = √ 𝑆 vert. dih. [ -1 0 0 1 ]. (6) 
Tilted dihedral behaves like a depolarizing scatterer:

𝑺 dih. (𝜃′) = √ 𝑆 vert. dih. [ -cos (2𝜃′) sin(2𝜃′) sin(2𝜃′) cos (2𝜃′) ] ( 7 
)
where 𝜃′ is the angle of inclination. It is important to note that the scattering matrix of the tilted dihedral ( 7) can be computed from the scattering matrix of the vertically oriented dihedral [START_REF] Whitt | A general polarimetric radar calibration technique[END_REF]. At 𝜃 ′ = 22. 5 ∘ , (7) becomes

𝑺 dih. (22. 5 ∘ ) = √𝑆 vert. dih. 2 [ -1 1 1 1 ] ( 8 
)
where the magnitude of all four components of the scattering matrix is equal. Therefore, a dihedral inclined at 22.5° produces strong cross polarization signals which are also linearly independent from the co polarization scatterers. The REP chipless tag [Fig. 6(c)] is composed of eight 45° shorted dipoles with frequencies of operation in UWB (see [START_REF] Vena | A Depolarizing Chipless RFID Tag for Robust Detection and Its FCC Compliant UWB Reading System[END_REF]). This tag is realized using PCB technology on a Rogers RO4003C substrate with substrate height h = 0.81 mm and dielectric permittivity εr = 3.55. Each coupled dipole exhibits the microstrip trace width is w′ = 2 mm and the metal thickness t = 35 μm. The space between multiple coupled dipoles is g′ = 0.5 mm. The lengths of 45° shorted dipoles 𝐿′ 𝑖 are L′1=24.8 mm, L′2=21.8 mm, L′3=19 mm, L′4=16.8 mm, L′5=15 mm, L′6=13.4 mm, L′7=12.2 mm, L′8=11.2 mm. The overall size dimensions are 8.9 × 5.14 cm 2 . These geometrical dimensions are provided to facilitate the reproduction for the reader. A detailed discussion on the bandwidths of the resonators and RCS levels can be seen in [START_REF] Rance | RCS Synthesis for Chipless RFID: Theory and Design[END_REF]Chap. 4].

For the sake of simplicity, Fig. 9 

V. POLARIMETRIC RADAR CALIBRATION PROCEDURES

The full polarimetric radar calibration is performed using a single antenna based calibration technique found in the literature [START_REF] Sarabandi | Calibration of polarimetric radar systems with good polarization isolation[END_REF]. This technique is valid for the polarimetric radar systems with good cross polarization isolation between the antenna ports (i.e., 30 dB in our case). Therefore, this technique suits well for the measurement radar system adopted in this paper (see Fig. 1). The calibration technique (for more details, see [START_REF] Sarabandi | Calibration of polarimetric radar systems with good polarization isolation[END_REF]) requires two calibration objects. The first calibration target is with dominant co polarized scattering behavior, while the second calibration target is with strong cross polarized scattering behavior. The exact scattering matrix for the second calibration target needs not to be known. Therefore, the calibration is primarily dependent on the nondepolarizing object (namely calibration Type 1). Similarly, the polarimetric radar calibration can also be made primarily dependent on the depolarizing object (namely calibration Type 2). In such a case, the first calibration target is with strong cross polarized scattering behavior, while the second calibration target is with dominant co polarized scattering behavior.

In this paper, we made this approach compatible with the use of resonant scatterer which is not done in [START_REF] Sarabandi | Calibration of polarimetric radar systems with good polarization isolation[END_REF].

A. Calibration Primarily Dependent on Nondepolarizing Object (Calibration Type 1)

For the co polarization calibration, the exact co polarization scattering of the first calibration target (i.e., with dominant co polarized scattering behavior) 𝑆 0 must be known. In our case, the object dimensions are smaller as compared to 𝜆. For this reason, the simulation results from full-wave CST simulator are the best choice for the estimation of 𝑆 0 .

For measured signals, it is important to note the scattering matrix is similar to 𝐌 as expressed in [START_REF] Gau | New polarimetric calibration technique using a single calibration dihedral[END_REF]. The measurements matrix of the first calibration target 𝐌 0 need to be measured by placing the target at a distance 𝑑 0 . Then, for an unknown test target with the measurement matrix 𝐌 u measured at a distance 𝑑 𝑢 , the calibrated co polarization components 𝐶1 VV u and 𝐶1 HH u of the calibrated scattering matrix of an unknown test object 𝐂𝟏 u are estimated as [START_REF] Sarabandi | Calibration of polarimetric radar systems with good polarization isolation[END_REF]:

𝐶1 VV u = ( 𝑀 VV u 𝑀 VV 0 ) ( 𝑑 𝑢 𝑑 0 ) 2 𝑒 -𝑖2𝑘(𝑑 0 -𝑑 u ) 𝑆 0 (9) 
𝐶1 HH u = ( 𝑀 HH u 𝑀 HH 0 ) ( 𝑑 𝑢 𝑑 0 ) 2 𝑒 -𝑖2𝑘(𝑑 0 -𝑑 u ) 𝑆 0 ( 10 
)
where 𝑘 is the wavenumber. The superscript and subscript u refers to the unknown test object.

For the cross polarization calibration, the measurements matrix of the second calibration target 𝐌 C (i.e., with strong cross polarized scattering behavior) need to be measured by placing the target at a distance 𝑑 𝑐 . Then, the calibrated cross polarization components 𝐶1 HV u and 𝐶1 VH u of 𝐂𝟏 u of the unknown test object are estimated as [START_REF] Sarabandi | Calibration of polarimetric radar systems with good polarization isolation[END_REF]:

𝐶1 HV u = 𝑀 HV u √𝐾 1 𝐾 2 ( 𝑑 𝑢 𝑑 0 ) 2 𝑒 -𝑖2𝑘(𝑑 0 -𝑑 u ) 𝑆 0 ( 11 
)
𝐶1 VH u = √ 𝐾 1 𝐾 2 𝑀 VH u ( 𝑑 𝑢 𝑑 0 ) 2 𝑒 -𝑖2𝑘(𝑑 0 -𝑑 u ) 𝑆 0 (12) 
where

𝐾 1 = 𝑀 HV c 𝑀 VH c ⁄
and 𝐾 2 = 𝑀 VV 0 𝑀 HH 0 . It is important to note that the knowledge of the exact scattering matrix of the cross polarized scattering object is not required and only the measured cross polarized signals 𝑀 HV c and 𝑀 VH c are needed to compute 𝐾 1 . Using ( 9), ( 10), [START_REF] Perret | Radio Frequency Identification and Sensors: From RFID to Chipless RFID[END_REF], and ( 12), the polarimetric radar calibration Type1 is done.

B. Calibration Primarily Dependent on Depolarizing Object (Calibration Type 2)

Here, the first calibration target is with strong cross polarized scattering behavior, while the second calibration target is with dominant co polarized scattering behavior. The exact cross polarization scattering of the first calibration target (i.e., with strong cross polarized scattering behavior) 𝑆 C must be known. Then, the calibrated cross polarization components 𝐶2 HV u and 𝐶2 VH u of the calibrated scattering matrix 𝐂2 u are estimated as:

𝐶2 HV u = ( 𝑀 HV u 𝑀 HV 𝑐 ) ( 𝑑 𝑢 𝑑 𝑐 ) 2 𝑒 -𝑖2𝑘(𝑑 𝑐 -𝑑 u ) 𝑆 c ( 13 
)
𝐶2 VH u = ( 𝑀 VH u 𝑀 VH 𝑐 ) ( 𝑑 𝑢 𝑑 𝑐 ) 2 𝑒 -𝑖2𝑘(𝑑 𝑐 -𝑑 u ) 𝑆 c . (14) 
The calibrated co polarization components 𝐶2 VV u and 𝐶2 HH u of 𝐂2 u are estimated as:

𝐶2 VV u = 𝑀 VV u √𝐾′ 1 𝐾′ 2 ( 𝑑 𝑢 𝑑 𝑐 ) 2 𝑒 -𝑖2𝑘(𝑑 𝑐 -𝑑 u ) 𝑆 c (15) 
𝐶2 HH u = √ 𝐾′ 1 𝐾′ 2 𝑀 HH u ( 𝑑 𝑢 𝑑 𝑐 ) 2 𝑒 -𝑖2𝑘(𝑑 𝑐 -𝑑 u ) 𝑆 c (16) 
where 𝐾′ 1 = 𝑀 VV 0 /𝑀 HH 0 and 𝐾′ 2 = 𝑀 HV 𝑐 𝑀 VH 𝑐 . Using ( 13), ( 14), [START_REF] Svanda | Platform Tolerant, High Encoding Capacity Dipole Array-Plate Chipless RFID Tags[END_REF], and ( 16), the polarimetric radar calibration Type 2 is done.

VI. RADAR CALIBRATION RESULTS

First, the radar calibration is performed using well-known standard calibration objects: the metallic disk [Fig. 6(a)] and the dihedral tilted at 22.5° [Fig. 6(b)]. Then, the radar calibration is done using the proposed scatterer. The performance of both calibration target sets is compared. For this purpose, two test targets are utilized: the dihedral tilted at 45° [Fig. 6(b)] and the REP chipless tag [Fig. 6(c)].

A. Radar Calibration Results Using Metallic Disk and Dihedral Tilted at 22.5°

For the standard calibration, we used the metallic disk (i.e., with dominant co polarized scattering behavior) [see Fig. 6(a)] and the dihedral tilted at 22.5° (i.e., with strong cross polarized scattering behavior) [see Fig. 6 II. The first test object is the dihedral tilted at 45°. At 𝜃 ′ = 45 ∘ , the scattering matrix of the dihedral (7) becomes:

𝑺 dih. (45 ∘ ) = √ 𝑆 vert. dih. [ 0 1 1 0 ]. (17) 
Therefore, the dihedral tilted at 45° is a full depolarizing scattering object. and 𝑀 VH dih. (22.5°) because the metallic disk is very sensitive to its center alignment. This sensitivity is discussed later in this paper. Also, the size of the metallic disk is not very large as compared d to λ. The measurement setup of monostatic radar used in this paper is in a vertical configuration to prove the concept. Other configurations of the radar (e.g., horizontal or tilted configurations) are also practically applicable. With such nonvertical measurement configurations and the mounting of scattering objects from their rear side, a major limiting factor of the dihedral as the calibration object is its large height. In such cases, the height of the dihedral should be compensated to keep a fixed distance. The accuracy of calibration Type 1 is not mainly affected due to the compensation error of height of dihedral as the calibration Type 1 is primarily dependent on the nondepolarizing object [see ( 9) to ( 12)]. However, the calibration Type 2 is primarily dependent on the depolarizing object [see ( 13) to ( 16)], so its accuracy is also dependent on the compensation error of height of dihedral. Fig. 12 The second test object is the REP chipless RFID tag. Here, the radar calibrations Type 1 and Type 2 are done using 𝐌 u = 𝐌 tag with 𝑑 𝑢 = 28 cm used in from ( 9) to ( 16). III. In this case, the same two test objects (the dihedral tilted at 45° and the REP chipless tag) measured at 𝑑 𝑢 = 28 cm are used. The radar calibrations Type 1 and Type 2 are done as explained in Section V-A and B. To differentiate from the standard calibration results (from Section VI-A), the calibrated scattering matrices are used as primed 𝐂𝟏′ u and 𝐂𝟐′ u for the calibration results of the proposed scatterer.

For the dihedral tilted at 45° (i.e., used as the first test object), Fig. 16 On the other hand, the calibrated scattering matrices obtained using the standard objects (the metallic disk and the dihedral tilted at 22.5°) 𝐂𝟏 dih and 𝐂𝟐 dih in Section VI-A might also be taken as the reference signals instead of the CST estimated RCS scattering matrix 𝐒 dih. (CST) . In such a case, the calibration error matrix signals are calculated as Δ𝐒𝟏 ′′dih. = 𝐂𝟏 ′dih. -𝐂𝟏 dih. and Δ𝐒𝟐 ′′dih. = 𝐂𝟐 ′dih. -𝐂𝟐 dih. . Fig. 17 The performance comparison between the proposed scatterer and the standard calibration objects (metallic disk and the dihedral tilted at 22.5°) for the REP chipless RFID tag as the test target is outlined in Table IV. For calibration Type 1, the performance of proposed scatterer is comparable to the standard calibration objects. For calibration Type 2, the performance of the standard calibration objects is better than the proposed scatterer. However, if the calibration errors for the three reference planes of dihedral tilted at 22.5° (see Fig. 15) are considered the performance of proposed scatterer is comparable to the standard calibration objects. 18). We have done CST simulations of the proposed scatterer and the REP chipless RFID tag, where a plane wave is used for the excitation (the incident E field) and the E field probe at distance equals 28 cm (same as used in measurements) is used to compute the backscattered E field. III and Fig. 18). In such a case, we have observed that the calibration errors are larger as compared to calibration errors presented in Fig. 18. It is found that the farfield RCS signals provide better accuracy than the Fresnel zone RCS signals.

The calibration errors of the proposed scatterer are also calculated using 𝐂𝟏 

C. Uncertainty Analyses for the Proposed Calibration Scatterer

The uncertainty analyses for the proposed calibration scatterer are carried out as illustrated in Fig. 20. A displacement 𝑑 x of the rear side of proposed scatterer along H polarization of radar antenna is introduced [see Fig. 20(a)] and the variation of inclination angle θ of the front side of proposed scatterer is applied [see Fig. 20(b)]. For these applied changes, the dihedral tilted at 45° and the REP chipless RFID tag are used as test objects. For ease of observation, only one or two components of scattering matrices are presented. It is important to note that calibration Type 1 is dependent on the displacement 𝑑 x of the rear side of proposed scatterer, while the calibration Type 2 is dependent on the inclination angle θ of the front side of proposed scatterer. The displacements on the rear side of proposed scatterer 𝑑 x = [0, 0.6, 1.6, 2.6] cm are applied and the radar calibrations are done, where all the parameters and procedures are same as explained in Section VI-B. For 𝑑 x ranging from 0 to 2.6 cm, the calibration error signals are presented for the dihedral tilted at 45° and the REP chipless RFID tag in Fig. 21 and Fig. 22, respectively. The effect of 𝑑 x on the calibration errors is more pronounced from 5 to 7 GHz. For a small value of displacement 𝑑 x = 0.6 cm, the calibration errors are approximately the same as the nominal errors at 𝑑 x = 0. For the dihedral tilted at 45°, the maximum error of The change of inclination angle θ = [45°, 47°, 49°] is applied on the front side of proposed scatterer and the calibration error signals are calculated. Fig. 23 and Fig. 24 show the calibration error signals for the dihedral tilted at 45° and the REP chipless RFID tag, respectively. With the misalignment 𝑑 𝜃 ranging from 0 to 4°, the calibration errors exhibit decreasing and increasing trend from 2 to 4 GHz and 5 to 7 GHz, respectively. For a misalignment 𝑑 𝜃 = 2° (i.e., θ = 47°) the calibration errors are comparable to the nominal errors at 𝑑 𝜃 = 0 (i.e., θ = 45°). Therefore, the proposed scatterer is potentially tolerant of misalignment equals 2°. Finally, the effect of the distance of objects from the radar antenna on the performance of proposed scatterer is analyzed. For this purpose, the distance of the test object, as well as the proposed scatterer, is changed to 𝑑 o = 𝑑 c = 𝑑 u = 39 cm. The radar calibration is performed for the dihedral tilted at 45° as the test target and the calibration error signals are calculated with the same procedure as done for the results presented in Fig. 16. (45°)(28 cm) (from Fig. 16). The possible reason behind this is with 𝑑 o = 𝑑 c = 𝑑 u = 39 cm the objects are closer to the farfield region. One could say that 𝑑 o = 𝑑 c = 𝑑 u = 39 cm should be used in the entire paper as it provides better performance. However, the proposed scatterer is intended for calibration of chipless RFID tags which are not designed to be read at larger distances [START_REF] Vena | A Depolarizing Chipless RFID Tag for Robust Detection and Its FCC Compliant UWB Reading System[END_REF]. 

D. Final Remarks

All information regarding the geometrical dimensions, curves of reference used in the calibration process are presented explicitly. This is done to facilitate the readers to use the proposed scatterer in the radar calibration, for example, for chipless RFID.

VII. CONCLUSIONS

In this paper, a low cost, compact and planar circular scatterer is proposed as a radar calibration target that is well suited for chipless RFID. The proposed calibration target is 3in-1 scatterer: 1) from the rear side, it behaves like a metallic disk; 2) from the front side with vertically aligned dipoles, it behaves like a nondepolarizing scatterer with dominant co polarization backscattered signals; 3) from the front side with 45° tilted dipoles, it behaves like a depolarizing scatterer with strong cross polarization backscattered signals. The proposed scatterer is tested as a reference calibration object for single antenna based polarimetric radar calibration techniques. Two test objects are utilized: a dihedral tilted at 45° and a depolarizing chipless RFID tag. The performance of the proposed scatterer is also compared with the standard reference calibration objects: a metallic disk and a dihedral tilted at 22.5°. It is found that the performance of the proposed scatterer exhibits a good agreement with the standard reference calibration objects. Uncertainty analyses that include displacement, misalignment, and distance are done for the proposed scatterer. The proposed scatterer is potentially tolerant of displacement up to 1 cm and misalignment equals 2°.

Fig. 1 .

 1 Fig. 1. Photograph of the measurement setup inside an anechoic environment.

Fig. 2 .

 2 Fig. 2. Photographs of the proposed circular scatterer. (a) Front side view. (b) Rear side view.

Fig. 3 Fig. 3 .Fig. 4 .

 334 Fig. 3. Co polarization backscattered simulated RCS signals 𝑆 HH F (CST) (0°) and 𝑆 VV F (CST) (0°) of the front side of the proposed scatterer aligned at θ = 0°. Insets: zoom-in of the first resonance dip.

Fig. 5 .

 5 Fig. 5. Co polarization backscattered simulated RCS signals 𝑆 HH R (CST) and 𝑆 VV R (CST) of the rear side of the proposed scatterer.

Fig. 6 .

 6 Fig. 6. Photographs of the supplementary scatterers. (a) Metallic disk. (b) Dihedral. (c) Depolarizing RF Elementary Particle (REP) chipless RFID tag [18].

Fig. 7

 7 shows a comparison among the theoretical RCS of the metallic disk 𝑆 VV disk calculated using (4), the CST estimated RCS of the metallic disk 𝑆 VV disk (CST) , and the CST estimated RCS of the rear side of the proposed scatterer 𝑆 VV R (CST) . It can be observed that 𝑆 VV R (CST) is in good agreement with 𝑆 VV disk of (4) and 𝑆 VV disk (CST) .

Fig. 7 .

 7 Fig. 7. Comparison among the theoretical RCS of the metallic disk 𝑆 VV disk calculated using (4), the CST estimated RCS of the metallic disk 𝑆 VV disk (CST) , and the CST estimated RCS of the rear side of the proposed scatterer 𝑆 VV R (CST) .

Fig. 8

 8 presents a comparison of the theoretical cross polarization RCS signals [𝑆 HV dih. (22.5°) and 𝑆 VH dih. (22.5°) calculated using (8)], and the CST estimated cross polarization RCS signals [𝑆 HV dih. (CST) (22.5°) and 𝑆 VH dih. (CST) (22.5°)] for dihedral tilted at 𝜃′=22.5°. The 𝑆 HV dih. (CST) (22.5°) and 𝑆 VH dih. (CST) (22.5°) present slight ripples because the dimensions of dihedral (Hdih and Wdih) are not very large as compared to 𝜆. The maximum difference between the amplitude of the theoretical RCS signals [𝑆 HV dih. (22.5°) and 𝑆 VH dih. (22.5°) calculated using (8)] and CST estimated RCS signals [𝑆 HV dih. (CST) (22.5°) and 𝑆 VH dih. (CST) (22.5°)] is 3.7 dB.

Fig. 8

 8 Fig. 8 Comparison among the theoretical cross polarization signals 𝑆 HV dih. (22.5°) and 𝑆 VH dih. (22.5°) calculated using (8), and the CST estimated cross polarization RCS signals 𝑆 HV dih. (CST) (22.5°) and 𝑆 VH dih. (CST) (22.5°) for dihedral tilted at 𝜃′=22.5°.

  presents a co polarization 𝑆 VV tag (CST) component and a cross polarization 𝑆 HV tag (CST) component of the CST estimated scattering matrix 𝐒 tag (CST)for the REP chipless RFID tag. The gray regions show a 100 MHz range around all eight peak apexes of the REP chipless RFID tag.

Fig. 9

 9 Fig. 9 CST estimated RCS signals 𝑆 VV tag (CST) and 𝑆 HV tag (CST) for the REP chipless RFID tag. The gray regions show a 100 MHz range around all eight peak apexes of the REP chipless RFID tag.

  (b)]. The co polarization signals of the metallic disk 𝑀 HH disk and 𝑀 VV disk are measured at distance 𝑑 0 = 28 cm. Then, the cross polarization signals of the dihedral tilted at 22.5° 𝑀 HV dih. (22.5°) and 𝑀 VH dih. (22.5°) are measured. The distance from the radar antenna and the dihedral tilted at 22.5° is calculated with respect to face [see Fig. 6(b)] as a reference plane, that is, 𝑑 c f = 28 cm. So, 𝑑 c = 𝑑 c f . The description of utilized signals for Type 1 and Type 2 calibrations are provided in Table

  HV dih. (22.5°) and 𝑀 VH c = 𝑀 VH dih. (22.5°)

  For a dihedral tilted at 45°, the cross polarization CST estimated RCS signals are 𝑆 HV dih. (CST) (45°) and 𝑆 VH dih. (CST) (45°) and the measured cross polarization signals are 𝑀 HV dih. (45°) and 𝑀 VH dih. (45°). The radar calibrations Type 1 and Type 2 are done using 𝑀 HV u = 𝑀 HV dih. (45°) and 𝑀 VH u = 𝑀 VH dih. (45°) with 𝑑 𝑢 = 28 cm used in from (9) to (16). It is important to note that the dihedral tilted at 45° (i.e., a test object) is measured always with respect to the face [see Fig. 6(b)] as a reference plane. Fig. 10 presents the calibrated RCS signals 𝐶1 HV dih. (45°) and 𝐶1 HV dih. (45°) in comparison to the CST estimated signal 𝑆 HV dih. (CST) (45°). The calibration error signals are calculated such that Δ𝐒𝟏 dih. (45°) = 𝐂𝟏 dih. (45°) -𝐒 dih. (CST) (45°) and Δ𝐒𝟐 dih. (45°) = 𝐂𝟐 dih. (45°) -𝐒 dih.

Fig. 10

 10 Fig. 10 The calibrated RCS signals 𝐶1 HV dih. (45°) and 𝐶2 HV dih. (45°) in comparison to the CST estimated signal 𝑆 HV dih. (CST) (45°) for the dihedral tilted at 45° as the test target.

Fig. 11 .

 11 Fig. 11. Calibration error signals Δ𝑆1 HV dih. (45°), Δ𝑆1 VH dih. (45°), Δ𝑆2 HV dih. (45°), and Δ𝑆2 VH dih. (45°) for the dihedral tilted at 45° as the test target.

  presents the calibration error signals Δ𝑆2 HV dih. (45°), where the distance between the radar antenna and the dihedral tilted at 22.5° is calculated with respect to: the face 𝑑 c f = 28 cm, the middle 𝑑 c m = 28 cm and the corner 𝑑 c c = 28 cm. The maximum absolute calibration errors are |Δ𝑆2 dih. (𝑑 c f ) max | = 0.65 dB at 𝑑 c f (same as the diamond and down-ward pointing triangle marked lines in Fig. 11), |Δ𝑆2 dih. (𝑑 c m ) max | = 2.23 dB at 𝑑 c m , and |Δ𝑆2 dih. (𝑑 c c ) max | = 3.07 dB at 𝑑 c c .

Fig. 12 .

 12 Fig. 12. Accuracy of calibration Type 2 for three planes of reference of dihedral tilted at 22.5°. The dihedral tilted at 45° is used as the test target.

  The co polarization calibrated RCS signals 𝐶1 VV tag and 𝐶2 VV tag in comparison to the CST estimated RCS signal 𝑆 VV tag (CST) are presented in Fig. 13(a) and the cross polarization calibrated RCS signals 𝐶1 HV tag and 𝐶2 HV tag in comparison to the CST estimated RCS signal 𝑆 HV tag (CST) are presented in Fig. 13(b). A good agreement between the RCS components of 𝐂 tag and 𝐒 tag (CST) is observed. Note that the errors should be observed within the gray regions. The reason behind this is due to the resonant behavior of REP chipless RFID tag, only the gray highlighted frequency ranges exhibit the acceptable level of SNR. Otherwise of these ranges, the backscattered SNR is too low. Fig. 14 presents calibration error signals 𝐒𝟏 tag and Δ𝐒𝟐 tag for the frequency range from 2 to 7 GHz. The co polarization calibration error signals [see Fig. 14(a)] are calculated such that Δ𝐒𝟏 VV or HH tag = 𝐂𝟏 VV or HH tag -𝐒 VV or HH tag (CST) , and Δ𝐒𝟐 VV or HH tag = 𝐂𝟐 VV or HH tag -𝐒 VV or HH tag (CST) . For the cross polarization [see Fig. 14(b)], first, the peak apexes of the RCS signals are detected 𝐂𝟏 HV or HV tag ′ , 𝐂𝟐 HV or HV tag ′ , 𝐒 HV or HV tag ′ (CST) and then the calibration error signals are calculated such that Δ𝐒𝟏 HV or HV tag = 𝐂𝟏 HV or HV tag ′ -𝐒 HV or HV tag ′ (CST) , and Δ𝐒𝟐 HV or HV tag = 𝐂𝟐 HV or HV tag ′ -𝐒 HV or HV tag ′ (CST) . Such peak-to-peak calibration errors are calculated to present the results clearly. Otherwise, the observation of errors seems to be very difficult for the reader. The co polarization error signals of calibration Type 1 Δ𝑆1 VV tag present the maximum absolute calibration error |Δ𝑆1 tag(VV) max | around 3 dB and Δ𝑆1 HH tag the maximum absolute calibration error |Δ𝑆1 tag(HH) max | around 3.28 dB for the frequency range from 2 to 7 GHz. Whereas, for co polarization error signals of the calibration Type 2 Δ𝑆2 VV tag exhibit the maximum absolute calibration error |Δ𝑆2 tag(VV) max | = 1.6 dB and Δ𝑆2 HH tag exhibit the maximum absolute calibration error |Δ𝑆2 tag(HH) max | = 2.56 dB. The cross polarization error signals of calibration Type 1 Δ𝑆1 HV tag the maximum absolute calibration error |Δ𝑆1 tag(HV) max | around 2.36 dB and Δ𝑆1 VH tag present the maximum absolute calibration errors |Δ𝑆1 tag(VH) max | around 2.33 dB for the frequency range from 2 to 7 GHz. On the other hand, the cross polarization error signals of calibration Type 2 Δ𝑆2 HV tag have the maximum absolute calibration error |Δ𝑆2 tag(HV) max | around 1.7 dB and Δ𝑆2 VH tag have the maximum absolute calibration error |Δ𝑆2 tag(VH) max | around 1.77 dB for the frequency range from 2 to 7 GHz. Therefore, the calibration Type 2 outperforms the calibration Type 1 as Δ𝐒𝟐 tag < Δ𝐒𝟏 tag for the REP chipless RFID tag as the test target.

Fig. 13 .Fig. 14 .

 1314 Fig. 13. The calibrated RCS signals 𝐂𝟏 tag and 𝐂𝟐 tag in comparison to the CST estimated signals 𝐒 tag (CST) for the REP chipless RFID tag as the test target. (a) Co polarization RCS signals. (b) Cross polarization RCS signals. The gray regions show a 100 MHz range around all eight peak apexes of the REP chipless RFID tag.

Fig. 15 Fig. 15 .

 1515 Fig. 15 presents the calibration error signals Δ𝑆 HH dih. and Δ𝑆 HV dih. for the three reference planes of dihedral tilted at 22.5°.

  to (16) 𝑆 c = 𝑆 HV F (CST-fit) (45°) 𝑀 HH 0 = 𝑀 HH R and 𝑀 VV 0 = 𝑀 VV R 𝑀 HV c = 𝑀 HV F (fit) (45°) and 𝑀 VH c = 𝑀 VH F (fit) (45°)

  presents the calibration error signals calculated as Δ𝐒𝟏′ dih. (45°) = 𝐂𝟏′ dih. (45°) -𝐒 dih. (CST) (45°) and Δ𝐒𝟐′ dih. (45°) = 𝐂𝟐 ′dih. (45°) -𝐒 dih. (CST) (45°). For the calibration Type 1 error signals Δ𝑆1 HV ′dih. (45°) and Δ𝑆1 VH ′dih. (45°), the maximum absolute calibration error |Δ𝑆1 dih. ′max | is 3.76 dB, whereas, for the calibration Type 2 error signals Δ𝑆2 HV ′dih. (45°) and Δ𝑆2 VH ′dih. (45°), the maximum absolute calibration error |Δ𝑆2 dih. ′max | is 2.96 dB for the frequency range from 2 to 7 GHz. It is important to note that the proposed scatterer presents comparable performance to the standard calibration objects (the metallic disk and the dihedral tilted at 22.5°), where |Δ𝑆1 dih. ′max | is slightly less than |Δ𝑆1 dih. max | and |Δ𝑆2 dih. ′max | is comparable to |Δ𝑆2 dih. (𝑑 c c ) max |.

  presents the calibration error signals for calibrations Type 1 and 2. Here, the maximum absolute calibration errors |Δ𝑆1 dih. ′′max | is less than 1 dB for Δ𝐒𝟏 ′′dih. and |Δ𝑆2 dih. ′′max | is around 2.96 dB for Δ𝐒𝟐 ′′dih. for the frequency range from 2 to 7 GHz. The reason behind the large value of |Δ𝑆2 dih. ′′max | is that the cross polarization signals of front side of the proposed scatterer aligned at θ = 45° 𝑀 HV F (fit) (45°) and 𝑀 VH F (fit) (45°) are not as strong as the cross polarization signals of the dihedral tilted at 22.5° 𝑀 HV dih. (22.5°) and 𝑀 VH dih. (22.5°).

Fig. 16 .

 16 Fig. 16. Calibration error signals Δ𝑆1 HV ′dih. (45°), Δ𝑆1 VH ′dih. (45°), Δ𝑆2 HV ′dih. (45°) and Δ𝑆2 VH ′dih. (45°) for the dihedral tilted at 45° as the test target.

Fig. 17

 17 Fig. 17Calibration error signals Δ𝑆1 HV ′′dih. (45°), Δ𝑆1 VH ′′dih. (45°), Δ𝑆2 HV ′′dih. (45°) and Δ𝑆2 VH ′′dih. (45°) for the dihedral tilted at 45° as the test target.For the REP chipless RFID tag (i.e., used as the second calibration object), the calibrations are done and 𝐂𝟏 ′tag and 𝐂𝟐 ′tag are calculated. Fig. 18 presents the calibration error matrix signals Δ𝐒𝟏 ′tag and Δ𝐒𝟐 ′tag for the frequency range from 2 to 7 GHz. For details of the calculation of Δ𝐒𝟏 ′tag and Δ𝐒𝟐 ′tag , see the discussion of Fig. 14, where the 𝐂𝟏 tag and 𝐂𝟐 tag should be replaced with 𝐂𝟏 ′tag and 𝐂𝟐 ′tag . Note that the errors should be observed within gray regions. The co polarization error signals of calibration Type 1 Δ𝑆1 VV ′tag present the maximum absolute calibration error |Δ𝑆1 tag(VV) ′max | around 2.33 dB and Δ𝑆1 HH ′tag the maximum absolute calibration error |Δ𝑆1 tag(HH) ′max | around 2.4 dB for the frequency range from 2 to 7 GHz. Whereas, for co polarization error signals of the calibration Type 2 Δ𝑆2 VV ′tag exhibit the maximum absolute calibration error |Δ𝑆2 tag(VV) ′max | = 2.76 dB and Δ𝑆2 HH ′tag exhibit the maximum absolute calibration error |Δ𝑆2 tag(HH) max | = 4.68 dB. The cross polarization error signals of calibration Type 1 Δ𝑆1 HV ′tag the maximum absolute calibration error |Δ𝑆1 tag(HV) ′max | around 2.45 dB and Δ𝑆1 VH ′tag present the maximum absolute calibration errors |Δ𝑆1 tag(VH) ′max | around 2.29 dB for the frequency range from 2 to 7 GHz. On the other hand, the cross polarization error signals of calibration Type 2 Δ𝑆2 HV ′tag have the maximum absolute calibration error |Δ𝑆2 tag(HV) ′max | around 3.38 dB and Δ𝑆2 VH ′tag have the maximum absolute calibration error |Δ𝑆2 tag(VH) ′max | around 3.44 dB for the frequency range from 2 to 7 GHz. Here, the calibration Type 1 outperforms the calibration Type 2 as Δ𝐒𝟏 ′tag < Δ𝐒𝟐 ′tag for the REP chipless RFID tag as the test target.

Fig. 18 .

 18 Fig. 18. Calibration error matrix signals Δ𝐒𝟏 ′tag and Δ𝐒𝟐 ′tag for the REP chipless RFID tag as the test target. (a) Co polarization signals. (b) Cross polarization signals. The gray regions show a 100 MHz range around all eight peak apexes of the REP chipless RFID tag.

  Then, the quasi RCS signals are calculated at distance of 28 cm. The calibration signals and calibration error signals are calculated, where all ideal RCS signals are the quasi RCS signals (not farfield RCS signals as done in Table

  tag and 𝐂𝟐 tag (obtained in Section VI-A) as reference signals instead of 𝐒 tag (CST) . Fig. 19 presents the calibration error signals Δ𝐒𝟏 ′′tag and Δ𝐒𝟐 ′′tag for the REP chipless RFID tag as the test target for the frequency range from 2 to 7 GHz. These calibration error matrix signals are calculated as Δ𝐒𝟏 ′′tag = 𝐂𝟏 ′tag. -𝐂𝟏 tag and Δ𝐒𝟐 ′′tag. = 𝐂𝟐 ′tag -𝐂𝟐 tag . The co polarization calibration errors of calibration Type 1 Δ𝑆1 VV ′′tag and Δ𝑆1 HH ′′tag are in the range of ±1.3 dB. The cross polarization calibration errors of calibration Type 1 Δ𝑆1 HV ′′tag and Δ𝑆1 VH ′′tag are in the range from -0.6 to 0.1 dB. These values of Δ𝐒𝟏 ′′tag are significantly less than Δ𝐒𝟏 ′tag (presented in Fig. 18). Therefore, the calculation of calibration errors using the Fresnel zone calibrated signals of chipless RFID tag 𝐂𝟏 tag and 𝐂𝟐 tag (from standard calibration set) is practical than the farfield simulated signals 𝐒 tag (CST) of chipless RFID tag. On the other hand, the calibration errors of calibration Type 2 Δ𝐒𝟐 ′′tag are still largeand comparable to Δ𝐒𝟐 ′tag (presented in Fig.18). It is because the cross polarization signals from the proposed scatterer are not as strong as from the dihedral (see Fig.14).

Fig. 19 .

 19 Fig. 19. Calibration error matrix signals Δ𝐒𝟏 ′′tag and Δ𝐒𝟐 ′′tag for the REP chipless RFID tag as the test target. (a) Co polarization signals. (b) Cross polarization signals. The gray regions show a 100 MHz range around all eight peak apexes of the REP chipless RFID tag.

Fig. 20 .

 20 Fig. 20. Illustrations for the uncertainty analyses for the proposed calibration scatterer. (a) Displacement error. (b) Misalignment error.

  Fig. 21. Calibration error signals Δ𝑆1 HV ′dih.(45°) for the dihedral tilted at 45° as the test target while 𝑑 x is ranging from 0 to 2.6 cm.

Fig. 22 .

 22 Fig. 22. Calibration error signals for the REP chipless RFID tag as the test target while 𝑑 x ranging from 0 to 2.6 cm. (a) Co polarization signals. (b) Cross polarization signals.

Fig. 23 .

 23 Fig. 23. Calibration error signals Δ𝑆1 HV ′dih. (45°) for the dihedral tilted at 45° as the test target while the inclination angles θ is ranging from 45° to 49°.

Fig. 24 .

 24 Fig. 24. Calibration error signals for the REP chipless RFID tag as the test target while the inclination angles θ is ranging from 45° to 49°. (a) Co polarization signals. (b) Cross polarization signals.

  Fig. 25 presents the calibration error signals for 𝑑 o = 𝑑 c = 𝑑 u = 39 cm Δ𝑆1 HV ′dih. (45°)(39 cm) and Δ𝑆2 HV ′dih. (45°)(39 cm) in comparison to the calibration error signals for 𝑑 o = 𝑑 c = 𝑑 u = 28 cm Δ𝑆1 HV ′dih. (45°)(28 cm) and Δ𝑆2 HV ′dih. (45°)(28 cm) taken from Fig. 16. It can be observed that the Δ𝑆1 HV ′dih. (45°)(39 cm) and Δ𝑆2 HV ′dih. (45°)(39 cm) are slight improved as compared to the Δ𝑆1 HV ′dih. (45°)(28 cm) and Δ𝑆2 HV ′dih.

Fig. 25 .

 25 Fig. 25. Calibration error signals Δ𝑆1 HV ′dih. (45°) for the dihedral tilted at 45° as the test target while 𝑑 o = 𝑑 c = 𝑑 u are changed from 28 to 39 cm.

5 cm. The dipoles are arranged in an alternate fashion to reduce the coupling among consecutive resonators.

  

The first dipole L1 is designed to resonate at 2.45 GHz for industrial, scientific, and medical (ISM) band. The subsequent dipoles L2, L3, L4, L5, L6, L7, and L8 resonate at 3 GHz, 3.5 GHz, 4 GHz, 4.5 GHz, 5 GHz, and 6 GHz, respectively, for ultra-wideband (UWB). After optimization during simulations, the lengths of dipoles 𝐿 𝑖 are L1=35.45 mm, L2=28.79 mm, L3=24.48 mm, L4=21.27 mm, L5=18.82 mm, L6=16.82 mm, L7=15.27 mm, L8=13.88 mm. The width of all dipole microstrips is w=2 mm. The dipoles are placed symmetrically with the separation between two consecutive dipoles s = 1.

TABLE II THE

 II UTILIZED SIGNALS FOR TYPE 1 AND TYPE 2 CALIBRATIONS USING METALLIC DISK AND DIHEDRAL TILTED AT 22.5°.

	Type of Calibration	Signals
	Calibration	
	Type 1	
	(9) to (12)	

TABLE III THE

 III UTILIZED SIGNALS FOR TYPE 1 AND TYPE 2 CALIBRATIONS USING THE PROPOSED SCATTERER.

	Type of Calibration	Signals
	Calibration	
	Type 1	
	(9) to (12)	

  One can argue that it would be more accurate to calculate calibration signals and the calibration errors using the radiative near field (Fresnel region) RCS simulated signals instead of the farfield simulated signals (see TableIIIand Fig.

				TABLE IV	
	PERFORMANCE COMPARISON BETWEEN THE PROPOSED SCATTERER AND THE
	STANDARD CALIBRATION OBJECTS FOR THE REP CHIPLESS RFID TAG AS THE
				TEST TARGET.	
	Type of Calibration	Proposed Scatterer	Standard Calibration Objects
		|Δ𝑆1 tag(VV) ′max | = 2.33 dB	|Δ𝑆1 tag(VV) max	| = 3 dB
	Calibration	|Δ𝑆1 tag(HH) ′max	| = 2.4 dB	|Δ𝑆1 tag(HH) max	| = 3.28 dB
	Type 1	|Δ𝑆1 tag(HV) ′max | = 2.45 dB	|Δ𝑆1 tag(HV) max	| = 2.36 dB
		|Δ𝑆1 tag(VH) ′max | = 2.29 dB	|Δ𝑆1 tag(VH) max	| = 2.33 dB
		|Δ𝑆2 tag(VV) ′max | = 2.76 dB	|Δ𝑆2 tag(VV) max	| = 1.6 dB
	Calibration	|Δ𝑆2 tag(HH) ′max	| = 4.68 dB	|Δ𝑆2 tag(HH) max	| = 2.56 dB
	Type 2	|Δ𝑆2 tag(HV) ′max | = 3.38 dB	|Δ𝑆2 tag(HV) max	| = 1.7 dB
		|Δ𝑆2 tag(VH) ′max | = 3.44 dB	|Δ𝑆2 tag(VH) max	| = 1.77 dB
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