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Abstract—Many passive and wireless devices, such as RFID 

tags or batteryless wireless sensors, are designed to control 

electromagnetic field backscattered by the devices, in order to 

maximize the interrogation range (or the device-to-reader 

separation distance) and/or to mitigate the electromagnetic clutter. 

In this Letter, we show that a linearly-polarized electromagnetic 

field can be converted into a circularly-polarized field by using a 

passive and chipless device. The device, also called tag, consists of 

a one-port antenna loaded by a passive impedance, whose value is 

derived from a rigorous electromagnetic model including 

structural and antenna scattering modes. The experimental 

validation of predicted Linear-to-Circular polarization conversion 

is reported in the case of a patch antenna illuminated by a linearly-

polarized field. At the operating frequency of 2.6 GHz, the 

measured axial ratio of the electric field backscattered by the tag 

is lower than 1 dB.  
 

Index Terms— electromagnetic scattering from antennas, field 

polarization, Radar Cross Section measurement. 

 

I. INTRODUCTION 

he control of the electromagnetic field backscattered by 

antennas has been studied for decades [1]-[5]. Widely 

applied to low-cost wireless communication systems, such 

control allows maximizing the interrogation range (or the 

device-to-reader separation distance) and mitigating the 

electromagnetic clutter in RFID systems or in wireless sensor 

networks Erreur ! Source du renvoi introuvable.-[8]. 

Compared with standard wireless systems in which tags 

backscatter a Linearly-Polarized (LP) electromagnetic field 

(i.e., when the LP-to-LP conversion is performed by tags), the 

measured interrogation  range is actually increased by 17% 

when a Circularly-Polarized (CP) field when illuminated by a 

CP field (i.e., the CP-to-CP conversion is performed by 

tags)[9]. Moreover, CP antennas may be advantageously used 

to mitigate the line-of-sight clutter in wireless indoor 

communication applications [10]. In addition, when tags 

convert an incident LP electromagnetic field into a 

backscattered cross-polarized field, the interrogation range may 

reach 50 m [11].  Depolarizing tags can be also used to 

compensate [12] or take advantage [13] of the misalignment 

between chipless RFID tags and the reader. Using high-

impedance surfaces [14], ultrawideband LP-to-CP conversion 
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has been demonstrated for both Right-Handed or Left-Handed 

CP for a single design with increased interrogation performance 

[15]. In this approach, the scatterers/reflectors are designed to 

optimize their structural scattering behavior in terms of the 

polarization. 

Authors of the present study proposed recently to achieve the 

LP-to-CP conversion from a tag, which consists of a singleport 

antenna loaded by a passive impedance [16], [17], by control of 

its antenna scattering mode. For the first time, we report here 

the experimental validation of LP-to-CP conversion by using 

wireless tags. The tags consist of a one-port patch antenna 

loaded by a passive impedance, whose value allows converting 

a LP incident electromagnetic field into a CP backscattered 

field. Such impedance is derived from a rigorous 

electromagnetic model including the structural and antenna 

scattering modes. 

The Letter is organized as follows. In Section II, we report 

the electromagnetic scattering model used to derive the value of 

the impedance to be used for loading a one-port antenna and 

achieving LP-to-CP conversion. We show that passive 

impedances can be selected to obtain such polarization 

conversion. The experimental validation of the theoretically 

predicted LP-to-CP conversion is reported in Section III.  

II. THEORETICAL DERIVATION OF THE LOAD IMPEDANCE OF 

ONE-PORT ANTENNAS FOR LP-TO-CP CONVERSION  

This Letter investigates the electromagnetic scattering of a 

tag composed of single-port antenna, which is loaded by a 

passive impedance. From the scattering model based on the 

Norton equivalent circuit[3], the Authors have previously 

derived the co- and cross-polarized components of the 

electromagnetic field backscattered by single-port antennas, 

when illuminated by a linearly-polarized electromagnetic field 

[16]. The vertically- and horizontally-polarized (VP and HP) 

components of the electric field backscattered by the tag in the 

direction (𝜃𝑠, 𝜙𝑠), denoted respectively by 𝐸𝑠
𝑣 and 𝐸𝑠

ℎ, are given 

as follows: 

{
𝐸𝑠

𝑣(𝛼𝑖 , 𝑍𝐿) = 𝐸0
𝑣(𝛼𝑖) −

𝑍𝐿

𝑍𝐿+𝑍𝑎
𝐴𝑣(𝛼𝑖)

𝐸𝑠
ℎ(𝛼𝑖) = 𝐸0

ℎ(𝛼𝑖)
              (1) 

where  𝑍𝐿 denotes the (complex) impedance used to load the 

single-port antenna of input impedance 𝑍𝑎, and 𝛼𝑖 is the slant 
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angle of linearly-polarized electric field incident upon the 

antenna, 𝐸0
𝑣 and 𝐸0

ℎ are respectively the VP and HP components 

of the backscattered electric  field in the direction (𝜃𝑠, 𝜙𝑠) when 

the antenna input port is short-circuited. Let 𝐼0(𝛼𝑖) be the 

current flowing in the short-circuit for the given slant angle 𝛼𝑖. 

In (1), 𝐴𝑣(𝛼𝑖) is then defined as follows: 

  𝐴𝑣(𝛼𝑖) =
𝐼0(𝛼𝑖)

𝐼𝑎
𝐸𝑎𝑛𝑡

𝑣                 (2) 

where 𝐸𝑎𝑛𝑡
𝑣  is the VP component of the electric field radiated 

by the antenna in the direction (𝜃𝑠, 𝜙𝑠), when the current 𝐼𝑎 is 

impressed at the input port of the antenna. From (1) and (2), it 

can be derived that the load impedance 𝑍𝐿
+ (resp. 𝑍𝐿

−)  required 

to backscatter a left-handed (resp. right-handed) circularly-

polarized  field in the direction (𝜃𝑠, 𝜙𝑠) for the slant angle 𝛼𝑖 is 

given by: 

 

  𝑍𝐿
± =

𝑍𝑎
𝐴𝑣

 𝐸0
𝑣 ±𝑗 𝐸0

ℎ − 1
                    (3) 

 

where 𝑗2 = −1. Consequently, the computation of 𝑍𝐿
± requires 

the knowledge of the VP 𝐸0
𝑣 and HP 𝐸0

ℎ components of the 

backscattered electric field in the direction (𝜃𝑠, 𝜙𝑠) and the 

knowledge of the contribution 𝐴𝑣 in this direction. However, 

the direct determination of 𝐸0
𝑣, 𝐸0

ℎ and 𝐴𝑣 from measurement is 

often difficult in practice. For instance, the measurement 

accuracy of the structural scattering mode contribution 𝐸0
𝑣 

strongly depends on the quality (over the frequency band of 

interest) of the short-circuit impedance used to shunt the 

antenna, especially for antennas having an electrically large 

ground plane. In addition, characterizing the contribution of the 

antenna scattering mode 𝐴𝑣 from (2) requires the knowledge of 

the currents 𝐼0 and 𝐼𝑎, whose derivation from measurement is 

not straightforward at high frequencies. To overcome practical 

issues, we propose here to determine 𝐸0
𝑣 as well as 𝐴𝑣 from the 

measurement of any two VP components 𝐸1
𝑣 and 𝐸2

𝑣   of the 

electromagnetic field backscattered  by the antenna, when its 

input port is loaded by known (but non-zero) distinct 

impedances 𝑍1 and 𝑍2, respectively. According to (1), we can 

actually obtain 𝐸0
𝑣 and 𝐴𝑣 from 𝐸1

𝑣 and 𝐸2
𝑣, as follows:   

 

𝐸0
𝑣(𝛼𝑖) = 𝐸1

𝑣 +
𝑍1

𝑍1+𝑍𝑎
𝐴𝑣(𝛼𝑖)       (4-a) 

     𝐴𝑣(𝛼𝑖) = 2
(1−ΓΓ1)(1−ΓΓ2)

(1−Γ2)(Γ1−Γ2)
[𝐸2

𝑣(𝛼𝑖) − 𝐸1
𝑣(𝛼𝑖)]    (4-b) 

 

where Γ is the reflection coefficient at the input port of the 

antenna, while Γ1 and Γ2 are the reflection coefficients at the 

impedances 𝑍1 and 𝑍2, respectively. Consequently, neither the 

currents 𝐼𝑎 and 𝐼0 nor the radiating field 𝐸𝑎𝑛𝑡
𝑣  are needed to 

derive 𝐸0
𝑣 and 𝐴𝑣 from (4). If 𝑍1 is set to zero (Γ1 = −1) and 𝑍2 

is set to infinite (Γ2 = +1), (4-b) reduces to:  

 

           𝐴𝑣(𝛼𝑖) = −[𝐸𝑠
𝑣(𝛼𝑖 , +∞) − 𝐸𝑆

𝑣(𝛼𝑖 , 0)]         (5-a) 

                            = 𝐸0
𝑣(𝛼𝑖) − 𝐸𝑠

𝑣(𝛼𝑖, +∞)                     (5-b) 

 

In order to avoid the implementation of power supply in tags, 

only passive impedances 𝑍𝐿
± given by (3) are of interest in this 

study.  

III. EXPERIMENTAL VALIDATION OF THE LP-TO-CP 

CONVERSION 

A. Material and methods 

In this section, we report the first experimental results on the 

LP-to-CP conversion from the impedance loading of a 

rectangular patch antenna operating at 2.45 GHz. The patch 

antenna and passive load impedance are shown in Fig. 1. The 

measured reflection coefficient at the antenna input port is of 

−34 dB at 2.45 GHz, the measured antenna gain is of 8 dBi, 
and the cross-polarization discrimination is higher than 30 dB 

in the broadside direction. The LP-to-CP conversion achieved 

by the patch antenna loaded by the impedance 𝑍𝐿
± derived from 

(3) is characterized in an anechoic chamber by using identical 

transmitting (TX) and receiving (RX) horn antennas (about 

10 dBi of gain in the frequency band of interest). The 

experimental configuration is bistatic, as the TX- and RX-

antennas are not in the same position. The Tx-antenna is VP, 

while the orientation of the Rx-antenna is mechanically 

controlled to measure, for any slant angle 𝛼𝑖 of the incident LP 

electric field, the two-orthogonal components 𝐸𝑠
𝑣 and 𝐸𝑠

ℎ of the 

electric field backscattered by the loaded antenna. The 

impedance-loaded antenna is called here the Scatterer Under 

Test (SUT). The SUT, Tx-  and Rx-antennas are positioned at 

the height of 1.52 m above the floor of the anechoic chamber. 

The separation distance between the TX-antenna and RX-

antenna is of 0.8 m (6.5𝜆), while the distance between these 

two antennas and SUT is of 3.48 m. Moreover, the electric field 

transmitted by the TX-antenna is normally incident upon the 

SUT planar surface, and the bistatic angle is of 13°. The SUT 

backing is composed of a fixed plastic base to monitor the 2D 

orientation of SUT, and it is placed in a foam support, as shown 

in Fig. 2. A hollowed plastic disk is used to hold the SUT and 

control the slant angle, measured at a 6° step from 0° to 90° (or 

Horizontal to Vertical Incident polarization).  

 

 

 
(a)  (b) 

Fig. 1.  (a) Front view of the rectangular patch antenna operating at 2.45 GHz 

with relative slant angle αi to the incident field Ei) (ly = 0.37λ, lx = 0.29λ, a = 

0.65λ, yf = 0.09λ, tsubs = 0.0065λ and tair = 0.04λ, where λ = 122.45 mm and 
relative permittivity of the substrate εsubs = 4.3); (b) Profile view showing the 

antenna input port connected to either the open-ended microstrip line with a 

series Surface Mount Device (SMD) resistor (lload = 0.08λ) and the coaxial 
connector (lcoax = 0.21λ) to connect the load impedance, and the Calibration Kit 

loads 



 

 

  
Fig. 2.  Experimental setup in the anechoic chamber using identical horn (TX- 

and RX-) antennas and the impedance-loaded patch antenna (SUT) placed on 
the plastic disk over a foam support. The white arrows indicate the relative slant 

angle 𝛼𝑖 between the SUT and Tx-antenna as the disk is turned. 

The experimental instrument setup based on Vector Network 

Analyser (VNA) offers a tunable measurement bandwidth from 

1.5 GHz to 6 GHz, with a frequency step of 1 MHz. The total 

number of field measurement is then of 9002 per slant angle 

and load impedance. The setup is calibrated by using a 

simplified model, based on the polarimetric technique reported 

in [16] and named Single-Reference Calibration [17]. 

Following [18], this calibration is applied to our bistatic 

configuration. When the SUT is illuminated by a linearly 

(vertically or horizontally) polarized electric field, the 

measured cross-polarization discrimination of the patch 

antenna is found to be larger than 20 dB in the direction of the 

RX-antenna. Compared with the magnitude of the co-polarized 

component of the backscattered electric field, the cross-

polarized component can then be neglected. For this reason, 

only one metallic sphere is required to calibrate the polarization 

measurement setup [17,19]. Finally, in order to mitigate the 

impact on measurement results of multiple electromagnetic 

reflections, we apply the time gating approach proposed in [16].  

B. Determination of the passive load impedance to achieve the 

LP-to-CP conversion 

We characterize the contribution of both the structural and 

antenna scattering modes to the total electromagnetic field 

backscattered by the impedance-loaded patch antenna in the 

arbitrary direction defined by 𝜃𝑠 = 0°  and 𝜙𝑠 = 13°. The 

position of the load is illustrated in Fig. 1b. From (4-b) we first 

derive 𝐴𝑣 in this direction from the measurement of the VP 

components 𝐸1
𝑣 and 𝐸2

𝑣 of the electric field backscattered by the 

antenna, when its input port is loaded respectively by the short-

circuit 𝑍1 (SC) and open-circuit 𝑍2 (OC) of the R&S ZV-Z235 

calibration kit  (𝑍1 = 0.1 + 𝑗25.6 Ω and 𝑍2 = 0.03 − 𝑗97.5 Ω 

@ 2.45 GHz).  The impedances 𝑍1and 𝑍2of the R&S ZV-Z235 

calibration kit are not ideal short-circuit (𝑍1 is not zero) and  

ideal open-circuit (𝑍2 is not infinite) impedances. However, as 

𝑍1 ≅ 𝑍0
2 𝑍2⁄  (where 𝑍0 = 50 Ω),  they can be used to calibrate 

the VNA (see, e.g., [20]). Next, the electric field 𝐸0
𝑣 is derived 

from (4-a) and using (1), the electric field backscattered by the 

patch antenna loaded by any passive impedance  𝑍𝐿 can be 

finally estimated from  𝐴𝑣 and 𝐸0
𝑣.  

Fig. 3 displays the estimated magnitude of the electric field 

backscattered at 2.615 GHz (i.e., the frequency which centers 

the Left-Handed CP region) in the direction (𝜃𝑠 = 0°, 𝜙𝑠 =
13°) by the antenna as a function of the load impedance 𝑍𝐿 and 

the slant angle of 54°, that is, the angle for which the lowest 

axial ratio is achieved. Lines along which the axial ratio keeps 

the same value are indicated in yellow in Fig. 3. It can be 

observed that a good trade-off between a low Axial Ratio and 

high field magnitude can be found. At 2.615 GHz, the 

impedance 𝑍𝐿
𝐶𝑃=102.6 + j115.3 Ω offers actually a good 

compromise, as it can be observed from Fig. 3. As expected 

from (3), when it is loaded by this passive impedance, the patch 

antenna backscatters a left-handed circularly-polarized electric 

field at the frequency of 2.615 GHz predicted by the 

electromagnetic simulations (see Fig. 4 and 5). 

 

  
Fig. 3. Estimated magnitude of the electric field backscattered by the patch 

antenna of Fig. 2 as a function of the resistance and reactance of the passive 

impedance 𝑍𝐿  connected at the input port of the antenna. The magnitude is 

derived from (1) by the using components of scattering modes 𝐸0
𝑣 and 𝐴𝑣, 

estimated from (4), in the direction (𝜃𝑠 = 0°, 𝜙𝑠 = 13°) at 2.615 GHz and 

for incident slant angle 𝛼𝑖 of 54°.  Along the yellow solid lines, the axial 

ratio is the same and equals to 1, 2 or 3.   

C. Experimental validation of the LP-to-CP conversion 

For the patch antenna loaded by the passive impedance 𝑍𝐿
𝐶𝑃 

derived in Section III.B, a good agreement is obtained in Fig. 5 

between the axial ratios derived from measurement, full-wave 

electromagnetic simulation (CST MWS) and the 

electromagnetic model reported in Section II. 

 

 
Fig. 4. Measured Axial Ratio as a function of both frequency and slant angle 

𝛼𝑖  with a 6° step (the yellow contours indicate the regions where the axial ratio 

is lower than 3 dB and the dashed white line highlights the axial ratio in function 

of frequency at a fixed slant angle 𝛼𝑖 =  54°) 



 

 

 
Fig. 5. Axial Ratio, as function of frequency at fixed 𝛼𝑖 = 54°, obtained from: 

full-wave electromagnetic simulation (CST MWS, black dashed curve), the 

electromagnetic model of Section II (blue dotted curve) and direct 

measurements (red solid curve). 

Moreover, we observe in Fig. 4 and 5 two frequency bands 

in which the CP is obtained: (1) the Right-Handed CP is 

achieved in a very small bandwidth (< 1%) at a frequency lower 

than the antenna operating frequency (2.315 GHz), and (2) the 

Left-Handed CP is generated in a larger bandwidth of around 

9% centered at a frequency higher than the antenna operating 

frequency (that is, between 2.48 GHz and 2.70 GHz). In these 

two frequency bands, the frequencies at which the measured 

Axial Ratio reached its highest magnitude (at 2.4 and 2.85 GHz, 

respectively) are very close (<1%) to those predicted by full-

wave simulations and the electromagnetic model presented in 

Section II. 

IV. CONCLUSION 

We have experimentally validated a scattering model to 

design passive tags that convert a Linearly-Polarized incident 

electromagnetic field into a Circularly-Polarized backscattered 

field. We have demonstrated the existence of passive 

impedances for achieving such polarization conversion. Future 

work will be focused on investigating the interrogation range in 

the presence of line-of-sight clutter. 
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