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Abstract—In this paper, a spoof surface plasmon (SSP) ring 

resonator to generate dynamically reconfigurable vortex beams is 

proposed. According to the phase constant control of the SSP and 

the harmonic radiation principle, the tunable cylindrical vector 

vortex beams (VVBs) with different topological charges can be 
obtained. The tunable system which operates by electronic control 

would utilize varactors to change the wavenumber of SPP on the 

ring resonator and realize the reconfigurable VVBs modes at a 

fixed frequency. All VVBs have excellent orbital angular 

momentum (OAM) purity (above 90%). Interestingly, the antenna 
also simultaneously radiates the scalar vortex beams with tunable  

OAM modes. Both numerical simulations and experimental 

characterizations confirm the theoretical predictions. Because the 

designed antenna has the advantages of simple feeding network, 

easy bias circuit, as well as miniaturization and integration 
compatibility, we anticipate that the antenna will enable a wide 

range of applications for future wireless communication and 

imaging technologies. 

 
Index Terms—Spoof surface plasmon, vector vortex beam, 

orbital angular momentum 

 

I. INTRODUCTION 

N recent years, vortex beams showing helical wavefront have 

attracted a lot of attention due to the additional degree of 

freedom for wave manipulation. The vortex beams carrying 

OAM has unbounded eigenstates,which can offer great 

potential for increasing the spectrum efficiency and 

communication capacity in wireless systems  [1]. Most existing 

researches were devoted to the case of scalar vortex beams, 

which have spiral phase and uniform polarization (such as 

linear and circular polarization) [2]. In contrast, the other kind  

of vortex beams, which possess spatially inhomogeneous 

polarization (such as radial polarization, and azimuthal 

polarization) and azimuthally varying phase pattern in 
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transversal plane, are referred to VVBs [3]. In particular, VVBs  

with both phase singularity and polarization singularity have a 

broad range of potential applications ranging from high-

resolution imaging [4]–[7] to optical manipulation [8]–[10] and 

communication [11]–[13]. It has also been demonstrated that 

the VVBs enable a more robust communication channel with  

longer distance and lower signal-to-noise-ratio compared with  

the scalar vortex, when they go through a turbulent 

atmosphere[14]. 

Various approaches to generate VVBs have been proposed, 

including liquid crystal q-plates [15], spatial light modulator 

[16] and spiral phase plates  [17]. However, these techniques 

usually require bulky devices, which increase the system 

complexity and limit widespread applications in integration. 

Metasurface provides a very promising method to produce 

structured beams on a compact platform [18], [19]. For instance, 

in a bi-layer cascaded metasurface design [20], the first 

metasurface is employed to generate vortex phase, and the 

second one is applied to manipulate the vector polarization . 

Furthermore, a better solution is to design a single metasurface 

to generate VVBs [21], such as using a single reflective-type 

metasurface [22]. Similarly, VVBs can also be generated by 

transmit-arrays in millimeter-wave, utilizing the Berry phase 

and dynamic phase [23], [24]. In microwave region, some novel 

vortex beam emitters based on SSP have been designed [25]–

[29]. For example, a looped comb-shaped SSP waveguide 

surrounded by a series of circular patches  was reported to obtain 

VVBs [26], [28]. In [29], SSP ring resonator can emit VVBs  

with several different OAM modes at different frequencies.  

So far, most designs can only generate specific OAM modes 

with a certain physical structure, in which multi-OAM-mode 

vortex beams are generated by changing the operating 

frequency [30] or the input ports  [31]. These designs are 

inconvenient for practical applications of OAM, such as radar 
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imaging. It is still a challenge to achieve reconfigurable OAM. 

In radio frequency, the antenna array is an effective method to 

generate tunable OAM beams, while the main limitation  

includes complicated feeding network and expensive phase 

shifters [32], [33]. In order to resolve this problem, some active 

metasurfaces have been developed to achieve tunable OAM 

waves [34], [35]. However, they usually require the 

independent bias of each unit cell, which increases the 

complexity and cost. Therefore, the dynamical manipulation of 

OAM of the vortex waves, especially for VVBs, is very 

challenging. 

In this paper, a reconfigurable VVBs antenna based on SSP 

ring resonator is proposed. Periodic corrugated ring can radiate 

the first-order harmonic waves, which are cylindrical VVBs. It 

is shown that accurate and flexible control of SSP phase 

constant can be achieved by adjusting the capacitance of the 

varactor diodes. Thus, VVBs with different topological charges 

can be produced by simply changing the bias voltage. The 

proposed antenna with reconfigurable VVBs OAM modes of 

±1, and 0 at fixed frequency is demonstrated by simulation and 

measurement results, which have good agreement with the 

theoretical design. Compared with the conventional array 

technique and active metasurfaces, our design avoids the 

complicated feeding network and bias circuits. Considering the 

miniaturization and integration compatibility of SSP devices, 

we think that our method provides a new strategy to implement  

reconfigurable VVBs antennas for microwave wireless  

communication and radar imaging applications. 

II. RECONFIGURABLE SSP STRUCTURE 

Fig. 1 depicts the geometrical details of the proposed tunable 

SSP structure. It consists of an array of comb-like unit cells, 

varactors, via hole, substrate and ground. The varactors cv are 

inserted between the stubs and the metal strip. The stubs are 

short-circuited by via holes. The period along the length of the 

strip is denoted by d = 8 mm. Moreover, the thickness and 

relative permittivity of the substrates are 3 mm and εr = 2.5, 

respectively. 

The dispersion curve of the unit cell with cv = 0.2 pF and the 

groove depth h = 2.94 mm is numerically simulated. The 

simulated results are obtained using an eigen-mode solver in 

CST Microwave Studio. It is noted that eigen-mode solver in 

CST does not support the lumped elements . The alternative 

dielectric model can be readily obtained following the 

procedure mentioned in [36]. In Fig. 1(b), the dispersion curve 

has a deviation from the light cone and approaches the 

asymptotic frequency at 5 GHz, which is similar to natural 

surface plasmon polaritons in the optical region [37].  

To understand the operating principle of the proposed SSP 

structure, an equivalent circuit model is established, as seen in 

Fig. 1(c). This equivalent circuit model can be considered as a 

cascade of a transmission line section of length d/2, a shunt 

short-circuited stub, and another transmission line section of 

length d/2. Furthermore, the short-circuited stub of length h and 

width a is replaced with an inductor L, while the total 

distributed parameter effects and the varactor are replaced with  

a capacitor C, as shown in Fig. (d). Here, the inductor L can be 

expressed as 

𝐿 = 𝑍𝑠𝑡𝑎𝑛𝜃𝑠/𝜔                               (1) 

where 𝜃𝑠 = 𝑘𝑠ℎ is the equivalent electric length of the shunt 

 
Fig. 1 (a) Schematic of the reconfigurable SSP structure; (b) Comparison of the 

dispersion curves of the designed structure from full-wave simulation and the 

equivalent circuit model; (c) Equivalent circuit model of the proposed structure; 

(d) Equivalent circuit model of the transmission line loaded with shunt LC-

circuit.  

stub, ks represents the propagation constant of the stub, h is the 

physical length of the stub, and Zs is the impedance of the stub. 

Therefore, the transfer matrix of the nth unit cell is  

[𝐴 𝐵
𝐶 𝐷
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]   (2) 

where 𝜃 = 𝑘𝑚𝑑, km is the propagation constant of the unloaded 

metal strip with width w = 1 mm, and Y is the shunt susceptance. 

According to the descriptions in [38], the value of the shunt 

capacitance C = 0.31 pF can be readily obtained, when the 

capacitance of varactor is 0.2 pF. Since we mainly focus on the 

operating principle of the antenna, we do not repeat details here 

for simplicity.  

For the periodically loaded line, we can deduce the 

dispersion from [39]  

|𝐴 − 𝑒−𝑗𝑘𝑑 𝐵
𝐶 𝐷 − 𝑒−𝑗𝑘𝑑

| = 0                (3) 

It can be simplified as 

cos(𝑘𝑑) = cos(𝑘𝑚𝑑) +
𝑗𝑍𝑚𝑌

2
sin(𝑘𝑚𝑑)          (4) 

where k  is the phase constant of SSPs on the comb-like strip, 

and Zm is the impedance of the unloaded line. Fig. 1(b) plots the 

dispersion curves obtained from CST MWS and those 

calculated from (3), which show excellent agreement.  

From the equivalent circuit model, we can find the 

dispersion is relevant to Y, indicating L and C. Here, L 

depends on the length h and width a of the stub, while C is 

mainly affected by varactor cv. To verify our prediction, the 

dispersion curves of the unit cell with different h and cv are 

simulated and plotted in Fig. 2. It is apparent that the SSP 
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exhibit different propagating constants k as h and cv varies. 

In this way, we can adjust the wavevector of SSPs by tuning 

the varactor capacitances cv and the length of the short-

circuited stub h. 

 
Fig. 2 Simulated dispersion curves of the reconfigurable SSP unit cell with (a) 
different length h when cv = 0.3 pF and (b) different varactor values cv when h 

= 2.94 mm. The geometric parameters of the structure are as follows: d = 8 mm, 

a = 1 mm. 

III. ANTENNA CONFIGURATION DESIGN AND MECHANISM 

A. Configuration of Antenna 

The proposed dynamic tunable VVBs antenna is designed 

based on SSP, as shown in Fig. 3. The SSP ring resonator and 

the metallic comb-like transmission line are etched on FR4 

substrate (𝜀𝑟 = 2.5) with thickness of 3 mm. The ground plane 

is printed on the lower FR4 substrate layer.  

From Fig. 2, we found that periodic corrugated structures 

support SSP propagation. The phase velocity of SSP is slower 

than the light in free space, indicating that SSP are confined in 

a subwavelength scale. The phase velocity of SSP is slower than 

the light in free space, indicating that SSP are confined in a 

subwavelength scale. When this SSP waveguide possesses a 

surface impedance modulated periodically in the SSP 

propagation direction, the modulated SSP produces higher 

order modes. If the modulation period is larger than some 

critical value, one or more higher order modes will radiate away 

from surface at some angle [40], [41]. The periodic variation of 

stub lengths is considered as a discrete realization of the 

continuously varying surface impedance. To realize the 

electromagnetic radiation, the Fig. 3 presents that the perimeter 

of the ring contains 10 periods, each of which has five stubs of 

unequal length. In this case, the surface impedances in one 

period follow the triangular distribution, which can be written  

as  

𝑍𝑠 = {
𝑗𝑋𝑠 (1 +

2𝑀

𝑝
𝑥 −

𝑀

2
) 𝑖𝑓0 ≤ 𝑥 ≤

𝑝

2

𝑗𝑋𝑠 (1 −
2𝑀

𝑝
𝑥 +

3𝑀

2
) 𝑖𝑓

𝑝

2
≤ 𝑥 ≤ 𝑝

         (5) 

where XS is the average surface reactance, and M is the 

modulation depth, and 𝑥 = 𝜑𝑅 is arc length.  

After the periodical modulation, the ring resonator can 

radiate the first-order harmonic wave in azimuthal direction 

[42], whose wavenumber is: 

 
Fig. 3 Geometry of the proposed SSPs ring resonator antenna that is coupled to 

an access waveguide. (Physical dimensions: p = 40 mm, d = 8 mm, a = 1 mm, 

R = 68.4 mm; h1 = 0.91 mm, h2 = 2.94 mm, h3 = 4.72 mm, h4 = 2.94 mm, h5 = 

0.91 mm, h6 = 2.94 mm, g = 0.2 mm, c0 = 0.3 μF, c1 = 1 μF, c2 = 6.8 μF, and c3 
= 2.2 μF, d0 = 8 mm, a0 = 1mm, w1 = 2 mm, w2 = 5.6 mm.) 

𝑘𝜑,−1 = 𝑘𝜑,𝑎 −
2𝜋

𝑝
                          (6) 

where 𝑘𝜑,𝑎 is the average phase constant of SSP on the ring. 

Hence, the angle of the emitted beam can be calculated as 

arcsin(𝑘𝜑,−1/𝑘0), where k0 is the vacuum wavenumber. 

As a specific example, we design a radiation wave in the 

vertical direction (𝑘𝜑,−1 = 0) at 3 GHz, indicating that the 

average wave number of SSP on the comb-like ring should be 

𝑘𝜑,𝑎 = 2𝜋 𝑝⁄ . Then the average surface reactance can be 

obtained Xs = 863 Ω through: 

𝑍 = 𝜂0√1 − (𝑘𝜑 𝑘0⁄ )2                     (7) 

where η0 is the impedance of free space. Furthermore, we 
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choose M = 0.06 to design the surface impedance distribution. 

Then the surface impedances of unit cells in one period are 811 

Ω, 863 Ω, 915 Ω, 863 Ω, and 811 Ω, respectively. Substituting 

these results into Eq. (7), we can solve the corresponding 𝑘𝜑𝑑 

are 0.38π, 0.4π, 0.42π, 0.4π, and 0.38π, respectively. Since the 

radius R is much bigger than the stubs, the stubs in a very small 

arc can be seen as in a straight line. Therefore, the propagation 

constant 𝑘𝜑  in the azimuthal direction is nearly equal to the 

wavenumber in a straight comb-like strip. As indicated by 

dashed lines in Fig. 2(a), the final lengths of stubs are chosen as 

0.91 mm, 2.94 mm, 4.72 mm, 2.94 mm, and 0.91 mm, with  

varactor capacitance cv = 0.3 pF, respectively, corresponding to 

the wavenumber of 0.38π, 0.4π, 0.42π, 0.4π, and 0.38π.  

As shown in the bottom inset of Fig. 3, the driven antenna is 

implemented by a straight comb-like strip near the ring 

resonator. We set their stubs in with fixed-length equal to h6 = 

2.94 mm and capacitor c0 = 0.3 pF, which is the average value 

of the ring. After that, the SSP on the ring and the feeding strip 

has similar wavenumbers. In this case, phase- and mode-

matched power exchange between the SSP wave on ring 

resonator and feeding straight strip. For efficient energy 

exchange, the distance between them is set as 𝑔 = 0.2𝑚𝑚 . In 

order to feed the straight comb-like strip, we design a transition 

between the terminal and the coaxial feeding (see the top right 

inset of Fig.3).  

The bias circuit is depicted schematically in the top left inset 

of Fig. 3. Dynamic manipulation of the varactor in the ring can 

be achieved by tuning the voltage between the two solder pads. 

The low-pass filter technique uses a meander line inductor 

connected in parallel with three capacitors of c1 = 1μF, c2 = 

6.8μF, and c3 = 2.2μF, which prevents the high frequency 

signals flowing into the direct current (DC) voltage source.  

B. Operating Principle of the Antenna 

In our design, the whispering gallery resonance occurs when 

the SSP wave propagate azimuthally around the ring and the 

optical path in a circumnavigation is equal to an integer 

multiple of the wavelength. In this regard, the resonant 

condition should be: 

2𝜋𝑅 ∙ 𝑘𝜑,𝑎 𝑘0⁄ = 𝑚𝜆                         (8) 

where m is the number of wavelengths along the whole looped 

comb-like strip, and λ is the wavelength in the air.  

It is worth noting that the whispering gallery modes (WGMs) 

are travelling wave modes. The periodic modulations of stubs 

cause the WGMs to radiate continuously along the loop. 

Importantly, the phase constant of the radiated first-order 

harmonic wave at resonance frequencies can be obtained by 

substituting Eq. (8) into Eq. (6), that is 

𝑘𝜑,−1 =
𝑚

𝑅
−

𝑛

𝑅
                               (9)  

where n is the number of surface impedance modulated periods 

in the perimeter of the ring (n = 10 in our design). In addition, 

the azimuthal propagation constant of the harmonic beam, 

which is the phase shift per unit radian along the loop, can be 

written as  

𝛽𝜑 = 𝑘𝜑,−1𝑅 = 𝑚 − 𝑛                          (10) 

Since the polarization of the spatial harmonic wave is along 

the length of the loop structure, the radiated wave is mainly  

azimuthal polarization. If we feed the energy from Port 1, the 

SSP loop resonator is sequentially excited along the 

counterclockwise azimuthal direction. Then the emitted wave 

can be described using  

𝐸𝜑 = 𝐸0(𝑟,𝑧)𝑒
−𝑗𝛽𝜑�̂�                              (11) 

where E0(r, z) is the amplitude of the far field and 𝜑 is the 

cylindrical coordinate. Intuitively, this wave function is 

similar to the general expression 𝑒−𝑗𝑙�̂� , corresponding to a 

vortex beam. Hence, our generated radiated harmonic waves 

carry OAM states, which are cylindrical VVBs. Moreover, the 

topological charge is 𝑙 = 𝛽𝜑 = 𝑚 − 𝑛  at the resonance 

frequency. The topological charge l can be reconfigured by 

adjusting the azimuthal order of the mode m, which is 

determined by average propagation constant 𝑘𝜑,𝑎 . Furthermore, 

the topological charge l and calculated average phase constant 

𝑘𝜑,𝑎 of our design at 3 GHz are deduced and shown in Table I.  

𝑘𝜑,𝑎𝑑 should be 0.36π, 0.4π, and 0.44π, when l is equal to -1, 0 

and 1, respectively.  

As studied in the previous section, the phase constant of our 

SSP can be tuned by the varactor capacitances and the length of 

stubs . To realize reconfigurable vortex beam at a given 

frequency, we investigate the dispersion mappings of 

fundamental mode with different varactor capacitances and 

fixed length h = 2.94 mm, as exhibited in Fig. 4. As the stub 

length is fixed, the varactor capacitances cv can control the 

asymptotic frequency. Moreover, it is seen that cv could be 

chosen to get specific wavenumber at the fixed frequency. As 

shown in Fig. 4 (the white line at 3 GHz), the capacitance cv 

should be 0.23pF, 0.3pF, and 0.36pF to make the corresponding 

𝑘𝜑,𝑎𝑑 equal to 0.36π, 0.4π, and 0.44π, respectively. In theory, 

we can get more topological charge if the varactor diode has 

wider capacitance range. Also note that too large of a phase 

constant will cause excessive loss, low radiation efficiency and 

OAM mode distortion.  

TABLE I 

T HE CORRESPONDING PARAMETERS FOR EACH OAM MODE. 

 
Fig. 4 Mappings of the wave vector k of the proposed SSP, varying with 

l -1 0 1 

m 9 10 11 

𝑘𝜑,𝑎𝑑 0.36π 0.4π 0.44π 

cv 0.23 pF 0.3 pF 0.36 pF 

Vcc 7.53 V 5.5 V 4.25 V 
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frequency and varactor capacitance cv. 

 
Fig. 5 Simulated S-parameters of the vortex beams antenna with different 

varactors and measured S parameters at different bias voltages. 

 

Fig. 6 (a) - (c) indicate the near field with varactor values cv = 0.23 pF, 0.3 pF, 

and 0.36 pF, corresponding to mode number m = 9, 10, 11. 

 

IV. PERFORMANCE OF THE PROPOSED ANTENNA 

Through the analysis in the previous section, the 

reconfigurable vortex beam can be obtained in our design.   To 

confirm the performance, the simulated transmission and 

reflection coefficients are plotted in Fig. 5. It can be seen that 

S21 of proposed antenna has dips at 2.88 GHz when varactor cv 

values  are equal to 0.23pF, 0.3pF, and 0.36pF. Both the S11 

coefficients maintain a low level of -10 dB with 0.23 pF, and 

0.36 pF. Fig. 5(b) shows that the reflection is higher than -10 

dB, stemming from the open stopband (OSB) at broadside 

radiation. These results demonstrate that the resonances occur 

at 2.88 GHz, when the varactors are 0.23pF, 0.3pF, and 0.36pF, 

respectively. According to the parameters given in Section III, 

a prototype of the proposed loop antenna was fabricated and 

measured. The type of loaded varactor diode we choose is 

M46H120. Overall, the experimental results show good 

agreement with the simulation, when the reverse voltage are 

7.53 V, 5.5 V, and 4.25 V. It is noting that there is a difference 

in operating frequency between our design (3 GHz) and 

simulation (2.88 GHz). Theoretically, we assumed the SSP on 

the ring have uniform phase constant, but in reality the stubs on 

the ring are unequal, leading to nonuniform wavenumber of 

SSP. This is the reason for the frequency shift.  

To study the resonance modes, we used a near-field 

scanning set-up to characterize the Ez-field distributions in 

the x-y plane 1 mm above the antenna at the operating 

frequency, which are depicted in Fig. 6. It is observed that all 

the patterns present the whispering gallery resonances. 

Moreover, the azimuthal order of the WGMs m range from 9, 

10, and 11, which are in accord with our prediction in Table I.  

We proceed to investigate the azimuthal component of electric  

fields Eφ of the radiated wave. The setup of the measurement is 

shown in Fig. 7. An open-end waveguide is used as the receiver, 

which moves in the plane and stores the electric fields data. 

Actually, there is mode dispersion occurs when the vortex beam 

transmits through the turbulent medium. In order to minimize 

the influence of medium and ensure that the fields reflect the 

performance of the antenna itself, a short propagation distance 

is a better choice for OAM mode analysis. Therefore, we set the 

distance between the receiver and our OAM antenna as 

𝑅 = 0.62√
𝐷3

𝜆
≈ 100 𝑚𝑚                   (12) 

, which is taken to be inner boundary of radiating near-field  

region [43]. 

Firstly, the electric fields distributions of x- and y-

polarization in the plane 100 mm above the antenna are 

simulated and stored. Then we convert electric fields in 

cartesian coordinates to cylindrical coordinates. The simulated  

phase and field Eφdistributions under different varactors values 

are shown in Fig. 8 (a) and (b). The waves exhibit spiral phase 

in the case of 0.23 pF and 0.36 pF, while no OAM with 0.3 pF. 

The phase changes along the azimuth direction of −2π, 0, and 

2π are achieved under cv = 0.23 pF, 0.3 pF, and 0.36 pF, 

respectively. It is evident that the emitted field from our antenna 

carries OAM of l = −1, 0, and 1 at each of the varactor values, 

respectively. In addition, the measured phase and instant field 
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distributions of Eφon the cut plane of 540 × 510 mm2 at 100 

mm above the proposed device under different reverse voltages 

are also presented in Fig. 8 (c) and (d). Good agreement 

between experimental and simulated results validates our 

vortex antenna design.  

The purity of OAM modes is quantitatively calculated by 

using the Fourier transform. Since the azimuth angle φ is a 

periodic function, its Fourier conjugate is the OAM spectrum 

[44]. The OAM spectrum can be written as  

Al =
1

2𝜋
∫ 𝜓
2𝜋

0
(𝜑)𝑒𝑥𝑝(−𝑗𝑙𝜑)𝑑𝜑                    (12) 

where ψ(φ) is the sampling phase. Fig. 9 shows the purity 

weight of the OAM with cv = 0.23 pF, 0.3 pF, and 0.36 pF, 

respectively. All the generated vertex beams have excellen t  

purity, as high as 90%. Meanwhile, the azimuthal electric field  

component Eφ can be expressed as the combination of left-hand 

circularly polarized (LHCP) and right-hand circularly polarized  

(RHCP) components. Therefore, the Eφ VVBs of topological 

charge l can be decomposed into two scalar vortices given by 

𝐸𝜑 = 𝐸0𝑒
−𝑗𝑙𝜑𝜑 = −

𝑗

2
[−𝐸0 (𝑥 − 𝑗�̂�)𝑒−𝑗

(𝑙−1)𝜑

+ 𝐸0(𝑥 + 𝑗𝑦)𝑒−𝑗
(𝑙+1)𝜑] 

 (13) 

It is also observed that the LHCP vortex beam carry OAM of l 

+ 1, while RHCP vortex beam carry OAM of l − 1. Hence, our 

design can combine VVBs and scalar vortex beams.  

Fig. 10 presents the simulated LHCP and RHCP far-field  

patterns and phase distributions with varying varactor values. 

As expected, the LHCP far-field pattern is a pencil-like beam 

with cv = 0.23 pF, while diverging radiation patterns with 0.3 

pF and 0.36 pF. As illustrated in Fig. 10(b), the LHCP far field  

have spiral phase change equal to 0, 2π, and 4π with 0.23 pF, 

0.3 pF, and 0.36 pF, which correspond to the OAM modes l = 0, 

1, and 2, respectively. The RHCP patterns are in stark contrast 

with LHCP. When the varactor is 0.23 pF, and 0.3 pF, the far-

filed patterns are hollow, as shown in Fig. 10(c). A focused 

radiation pattern is corresponding to emitted beam with 0.36 pF. 

The RHCP phase patterns have spiral arms equal to 2, 1, and 0, 

corresponding topological of −2, −1, and 0, respectively. These 

far-field results agree well with the predictions. Therefore, our  

antenna can also generate the tunable scalar vortex wave with 

the reconfigurable OAM modes at fixed frequency.  

 

Fig. 7 Experimental setup in an anechoic chamber. 

 
Fig. 8 Simulated (a) phase and (b) instant electric field distribution of emitted 
wave with the azimuthal polarization at different varactor values. Measured (c) 
phase and (d) instant electric field distribution of emitted wave with the 

azimuthal polarization under different voltage. 
 

 
Fig.9 OAM purity weight for the simulated results. (a) cv = 0.23 pF (b) cv = 0.3 
pF (c) cv = 0.36 pF. 

To further verify the radiation performance of our design, the 

radiation efficiencies are simulated, which are 63%, 28%, and 

50% with 0.23 pF, 0.3 pF, and 0.36 pF, respectively. Here, the 

radiation efficiencies suffer from the effects of the parasitic 

resistance of the varactor diode M46H120. The use of less stubs 

and varactors could mitigate this problem; however, reducing 

the stub numbers would decrease the quality of the phase front 

as well as the OAM state purity. Here, we made the tradeoff 

between the radiation efficiency and the purity. The optimum 

stub numbers are set as 50. 

Fig. 11 provides the comparison of simulated and measured 

far-field patterns in yoz cut plane. The red lines indicate the 

simulated results with different varactor values 0.23 pF, 0.3 pF 

and 0.36 pF. The blue symbol lines denote the measured far-

fields with different reverse voltage, which are 7.53 V, 5.5 V 

and 4.25 V, respectively. The simulated and measured patterns  

exhibit a relatively good agreement. The radiation patterns are 

slight asymmetry, especially at theta = 90° and 270°. The 

principal reason for this performance is the feedline influence. 

As expected, LHCP wave with 0.23 pF presents an ordinary 
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beam while others have amplitude null in the center. For RHCP, 

pencil-like beam with 0.36 pF originates from topological 

charge of zero, whereas others do not. 

 
Fig. 10 Numerically calculated far-field (a) radiation patterns and (b) phase 

patterns of the emitted LHCP beams with different varactor values. 

Numerically calculated far-field (c) radiation patterns and (d) phase patterns of 

the emitted RHCP beams with different varactor values. 

V. CONCLUSION 

VVBs with different OAM modes are observed at fixed  

frequency utilizing the tunable surface impedance of the ring, 

which can be obtained by changing the varactor values through 

DC bias voltage. Simulation and measurement results fully  

confirm the theoretical prediction. The OAM modes of l = −1, 

0, and 1 appear with 0.23 pF (7.53 V), 0.3 pF (5.5 V), and 0.36 

pF (4.25 V), respectively. Moreover, LHCP and RHCP scalar 

vortex beams carrying OAM have also been investigated. We 

envision that the proposed antenna would find important  

applications in wireless communication and imaging. 

 

 
Fig. 11 Measured and simulated far-field 2D radiation patterns of (a) LHCP and 

(b) RHCP 
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