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Abstract

:

In this work, an electronically reconfigurable dual-band dual-mode microstrip ring antenna with high isolation is proposed. Using characteristic mode analysis (CMA), the physical characteristics of the ring antenna are revealed, and two modes are appropriately chosen for operation in two sub-6 GHz “legacy” bands. Due to the inherent orthogonality of the characteristic modes, measured isolation larger than 37 dB was achieved in both bands without requiring complicated decoupling approaches. An integrated electronically reconfigurable matching network (comprising PIN diodes and varactors) was designed to switch between the two modes of operation. The simulated and measured results were in excellent agreement, showing a peak gain of   4.7   dB for both modes and radiation efficiency values of   44.3 %   and   64 %  , respectively. Using CMA to gain physical insights into the radiative orthogonal modes of under-researched and non-conventional antennas (e.g., antennas of arbitrary shapes) opens the door to developing highly compact radiators, which enable next-generation communication systems.
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1. Introduction


The terminals of modern communication systems use multiple antennas to cover selected bands in the 0.8–80 GHz range. For example, today’s cellular phones must support   8 × 8   MIMO in the sub-6 GHz band and contain two or more phased arrays for beamforming in mmWave bands [1]. Also, such antennas must fit into electrically small volumes and conform to the internal structures of communication terminals. These requirements have motivated innovative antenna designs and methods to mitigate coupling, especially in the cellular phone industry [2]. Conventionally, antenna designers begin by using standard configurations (e.g., PIFAs or planar monopoles) with significant non-diagonal elements in their impedance matrix, i.e., significant mutual coupling. Then, antenna designers must attempt to find the appropriate transformation that can diagonalize their impedance matrix.



In theory, the most straightforward and general decoupling method is to connect the antennas to a network that applies the matrix diagonalization transformation, i.e., a decoupling network. However, in practice, decoupling networks are lossy and increasingly complex as the number of antennas increases [3]. These problems have motivated the development of “custom” decoupling methods for specific types of antenna designs. Therefore, such methods have limited applicability but are generally simpler to design. Typically, custom decoupling methods introduce additional structures, such as periodic structures, coupling-mode transducers, defected-ground structures, and wave traps. For example, periodic structures such as electromagnetic band gap (EBG) and artificial magnetic conductors (AMCs) have been used to suppress surface waves between microstrip patch antennas [4] and provide electrically compact and low-profile designs [5] with isolation larger than 10 dB. However, periodic structures significantly increase the size and fabrication complexity of antennas, especially at frequencies over 30 GHz. Alternatively, coupling-mode transducers have been used to achieve isolation larger than 20 dB with minimal increase in antenna volume. However, such transducers are typically challenging to design and cannot be used for dual-polarized designs [6]. A more straightforward decoupling method relies on perturbations of the ground plane at the expense of increased back-lobe radiation [7]. Also, another simple decoupling method is to use several wave traps or vias among the antenna elements to provide additional coupling paths that cancel the coupling among the antenna elements; however, this method increases the losses of designs [8].



Multiple modes can be excited on either (a) separate, isolated apertures that are in close electrical proximity or (b) the same aperture to maximize compactness. In [9], dipoles separated by   0.019  λ o    were excited in the differential and common modes, respectively, resulting in   24.2   dB isolation. Also, in [10], the electric and magnetic symmetry in substrate-integrated waveguide cavities was used to separate the cavity into quarters with isolation better than 22 dB. In [11], a wide-band antenna was achieved by having monopole and dipole modes share the aperture in the lower band, while slot and open-slot modes shared the aperture in the upper band, with isolation better than 21 dB. Similarly, in [12], slot and loop modes were excited on the same aperture, with isolation better than 19 dB.



Although these shared-aperture, multimode antenna designs are compact, they rely on the utilization of well-known modes, e.g., slot, dipole, monopole, and loop. Practical designs, e.g., designs with low profiles, which only use well-known modes to integrate many antennas, are generally complex and struggle to achieve isolation better than 10 dB, e.g., [13]. This motivates the design of non-conventional planar antenna structures, which can approach the fundamental limits on the number of antennas that can be packed into a given volume [14,15,16]. A popular method to analyze non-conventional structures is characteristic mode analysis (CMA). CMA was first introduced by Garbacz in [17] and was later refined in [18,19]. Recently, due to the physical intuition it provides [20], CMA has grown in popularity and has driven innovation in, e.g., low-profile wide-band antennas [21,22]; multiport antennas [23]; multiband, wide-band, and MIMO antennas [24]; isolation enhancement techniques [25]; radiation pattern optimization and synthesis techniques [26]. For a full review of the applications of CMA to radiating, scattering, and coupling problems, the interested reader is referred to [27,28].



In this work, CMA is applied to a square microstrip ring antenna. The microstrip ring is popular as a miniaturized replacement of the conventional rectangular patch antenna that provides improved bandwidth and directivity. Therefore, most works study the   T  M 10    or   T  M 01    mode for broadside radiation [29,30,31], although higher-order modes, such as   T  M 11    and   T  M 12   , have been studied for multiband operation [32]. In this work, CMA is used to identify two non-conventional higher-order modes on the ring antenna that provide complementary radiation patterns. Following the approach of mode/pattern reconfigurable antennas [33,34], an electronically reconfigurable feed network is designed to excite the two modes. Notably, the complementary radiation patterns of the two modes (here referred to as modes 1 and 2) act as sum and difference beams. This makes the proposed antenna a good candidate for low-monopulse radar tracking, which is a more cost-effective solution than traditionally expensive phased arrays [35].



This paper is organized as follows: Section 2 briefly reviews CMA and applies it to identify orthogonal modes on the microstrip ring antenna. Section 3 develops ideal and practical methods to excite two of the identified modes. Section 4 compares simulated and measured results. Finally, conclusions are drawn in Section 5.




2. Characteristic Mode Analysis


Recently, antennas that adjust their response according to system and environmental requirements have been identified as a key technology in the development of cognitive radio. The required adaptability can be provided by electronically reconfigurable and multifunctional antennas and antenna arrays. As discussed in our introduction, the design of electrically compact multifunctional antennas is challenging, and in the majority of cases, complex designs are proposed to meet the high isolation requirements among the different bands of operation. These complex designs inherently suffer from high fabrication complexity (e.g., multilayer designs) and cost. In the past twenty years, several researchers (e.g., [36,37]) realized that eigenanalysis, specifically characteristic mode analysis, is a very powerful tool to study an arbitrary radiating geometry and design it appropriately. The key advantage of CMA over any other design method is represented by the insights into the physical characteristics of the geometry under study it provides. Namely, characteristic modes are real currents,     I →  n  =  {   J →  n  ,   M →  n  }    (where    J →  n   corresponds to electric current, and    M →  n  , to magnetic current), that flow on the surface of the design. Characteristic modes are independent of excitation, since they are attained as the eigenfunctions of the generalized eigenvalue problem [38]:


   [ X ]   I n  =  λ n   [ R ]   I n   



(1)




where   [ R ]   and   [ X ]   are the real and imaginary parts of the generalized impedance matrix,   [ Z ] = [ R + j X ]  , defined utilizing the appropriate operators [38], and   λ n   is the eigenvalue associated with the   n th   characteristic mode. Since these CMA currents are eigenfunctions, they form a set of orthogonal functions that can be used to expand the total current on the structure under study as


  I =  ∑ n     V n   I n    1 + j  λ n     



(2)




where    V n  =  {  V E  ,  V M  }    is a known modal-excitation coefficient (where   V E   and   V M   are the modal-excitation coefficients related to electric and magnetic impinging waves, respectively); their definition can be found in [38]. Based on these current distributions, valuable information about the appropriate excitation (both the position and feed type) as well as the radiating characteristics, e.g., radiation pattern, polarization, etc., can be acquired. Finally, the eigensolution,   λ n  , informs us about the frequency of operation of the corresponding modes, while the term   | 1 / ( 1 + j  λ n  ) |  , known as modal significance, provides information about the radiation efficiency of the corresponding mode. Therefore, by appropriately utilizing characteristic mode analysis, any structure can be designed as a multifunctional antenna. The interested reader is referred to [17,27] for a comprehensive treatment of CMA.



Following the above, a characteristic mode analysis is performed on a square microstrip ring antenna using FEKO v2020 [39]. The ring is implemented on a square Rogers RT duroid 5880 substrate with    ϵ r  = 2.2  ,   t a n δ = 0.0009  , thickness of   1.5   mm, and edge length of   204.5   mm. The outer and inner edge lengths of the square ring are   112.5   mm and   37.5   mm, respectively. The magnitude of the characteristic current,    |   J n   |   , and   θ ^  - and   ϕ ^  -polarized radiations of the two desired characteristic modes are shown in Figure 1. The mode shown in Figure 1a at   1.9   GHz will be referred to as mode 1. Mode 1 has   θ ^  -polarized radiation at   ϕ =  0 ∘    in the broadside for   θ ∈ ( −  15 ∘  ,  15 ∘  )   and   ϕ = ±  45 ∘    planes for   θ ∈ (  25 ∘  ,  60 ∘  )  , and   ϕ ^  -polarized radiation at   ϕ =  90 ∘    for   θ ∈ (  35 ∘  ,  145 ∘  )   and   ϕ = ±  45 ∘    planes for   θ ∈ (  25 ∘  ,  155 ∘  )  , as shown in Figure 1b,c. The mode shown in Figure 1d at   1.6   GHz will be referred to as mode 2. Mode 2 has   θ ^  -polarized radiation along the   ϕ =  0 ∘  ,  90 ∘    planes for   θ ∈ (  15 ∘  ,  55 ∘  )   and   ϕ ^  -polarized radiation along the   ϕ = ±  45 ∘    planes for   θ ∈ (  15 ∘  ,  55 ∘  )  , as shown in Figure 1e–f, respectively. Operation in these two modes provides nearly complete coverage of the upper hemisphere. Moreover, the physical properties of the radiation patterns of these two modes make them great candidates for monopulse tracking. Specifically, the fan beam of mode 1 in the broadside and the deep broadside null of mode 2 (along with the eight beams at   ϕ =  0 ∘    and   45 ∘   planes) are the equivalent of sum and difference patterns of traditionally expensive phased arrays [35].




3. Feed Network Design


As mentioned in Section 2, CMA is performed in the absence of any excitation; however, the resulting characteristic currents provide valuable information about the appropriate excitation (e.g., its position and feed type). Based on this information, we excite the two desired modes with “ideal” excitation (i.e., lumped ports matched to the desired input impedance) and then apply matching methods to obtain a practically realizable design.



3.1. “Ideal” Mode Excitation Methods


The first step in the design of our antenna is the excitation of the two characteristic modes shown in Figure 1. Based on the characteristic currents, the positions of perfectly matched lumped ports are determined. Notably, ANSYS HFSS 2021 R2 is used as a full-wave simulator for this source-driven problem. Based on the current distribution of mode 1 (see Figure 1a), two differentially fed, symmetrically positioned ports, e.g., ports   P 1   and   P 3   in Figure 2a, are needed to produce the nulls along the x- and y-axes and excite mode 1. This is documented as configuration 1 in Table 1. Notably, coupling occurs between the ports. To account for this coupling, active parameters are used [40]. Thus, the voltage at the   m th   port of an N port antenna is given by


   V  0 m   =  Z 0   I m  +  ∑  n = 1  N   Z  m n    I n   



(3)




where   V  0 m    is the desired excitation voltage of the   m th   port,   Z 0   is the source impedance,   Z  m n    is the mutual impedance between ports m and n for   m ≠ n   and the self-impedance when   m = n  , and   I n   is the unknown current flowing at the   n th   port. This defines N linear equations with N unknowns. Once the system has been solved, the active impedance of the   m th   port is given by


   Z  m , a c t   =  ∑  n = 1  N   Z  m n      I n   I m     



(4)







Using the active impedance, a resonance is found at 1.9 GHz as expected according to the CMA. To efficiently excite the antenna, all the lumped ports are matched to the active input impedance at resonance. The distribution of surface electric current and the corresponding   θ ^  - and   ϕ ^  -polarized radiations are shown in Figure 2a–c, respectively. Notably, only the metalized square ring (without the substrate) is shown in these figures for clarity. The comparison between these figures and Figure 1a–c from the CMA indicates that mode 1 is strongly excited by configuration 1. The only discernible difference is that configuration 1 does not strongly produce the   ϕ ^  -polarized-radiation lobe on the   ϕ =  90 ∘    plane (compare Figure 1c and Figure 2c). This difference is attributed to the fact that configuration 1 slightly excites other modes on the ring. This is evidenced by the strong currents at the inner edges of the ring, shown in the inset of Figure 2a, which ideally should not be present in mode 1 (see Figure 1a). Finally, the radiation efficiency of our simulated antenna for configuration 1 is   83.5 %  , which agrees very well with the predicted modal significance of nearly unity in our CMA.



To excite characteristic mode 2, one may be tempted to generate the nulls along the x- and y-axes using two pairs of orthogonal differentially fed ports, e.g., by differentially feeding ports   P 1   and   P 3   and differentially feeding ports   P 2   and   P 3  . However, this configuration excites two orthogonal mode 1 radiations. To correctly excite mode 2, adjacent ports must be   180 ∘   out-of-phase. For convenience, this is denoted as configuration 2 in Table 1. Using the active impedance, a resonance is found at   1.6   GHz, and this agrees with the CMA predictions. The lumped ports are matched to the active input impedance at resonance to efficiently excite the antenna. The distribution of surface electric current and the corresponding   θ ^  - and   ϕ ^  -polarized radiations are shown in Figure 2d–f, respectively. Comparing Figure 2d–f with Figure 1d–f from the CMA clearly shows that configuration 2 strongly excites mode 2. Furthermore, the radiation efficiency of our simulated antenna for configuration 2 is   90.7 %  , which agrees very well with the predicted modal significance of nearly unity in our CMA.




3.2. Feed Network Design


As discussed above, after we establish the excitation of the desired modes, the next step is to design the required feed network for our antenna. The active input impedance values for configurations 1 and 2 (see Table 1) are   555  Ω   and   1146  Ω   at 1.9 GHz and 1.6 GHz, respectively. To proceed, the type of matching network must be chosen. There are two approaches that can be followed: (a) designing a wide-band or dual-band matching network that supports the desired bands and (b) designing two different matching networks, each dedicated to the corresponding configuration. Designing a static dual-band matching network that supports a change in impedance of over 2:1 is challenging, and limited such works exist in the literature. One notable example is the dual-band single-stub network proposed in [41]. However, given the above impedance values, a network following [41], or similar approaches, would require lines with high impedance (over   170  Ω  ), making it extremely challenging to fabricate with traditional PCB technology and stubs with low impedance (below   20  Ω  ), which can perturb the modes of the antenna due to coupling.



This problem can be addressed by designing a separate matching network for each configuration of our antenna. Therefore, a set of ports are dedicated to configuration 1, and another set of ports are dedicated to configuration 2. However, as shown in Figure 2a,d, both configurations 1 and 2 use ports   P 1   and   P 3  . To address this and preserve symmetry, two new ports are introduced for configuration 1; they are slightly rotated counterclockwise and denoted as ports   P 1   and   P 4   in Figure 3a. Conversely, the four dedicated ports of configuration 2 are slightly rotated clockwise and are denoted as ports   P 2  ,   P 3  ,   P 5  , and   P 6   in Figure 3d. As shown in Figure 3a,d, these rotations separate the previously overlapping dedicated ports by 10 mm. For convenience, the dedicated configurations are tabulated in Table 2, which shows which port is used in each configuration. These slight changes in the port locations for the two configurations do not significantly change their current distributions, because these distributions are symmetric. For configuration 1, this is validated by comparing Figure 3a–c to Figure 1a–c. For configuration 2, this is validated by comparing Figure 3d–f to Figure 1d–f. These comparisons confirm that our two dedicated configurations (shown in Table 2) strongly excite characteristic modes 1 and 2.



Next, a dedicated matching network can be designed and connected to each port. To mitigate the effects of the matching networks, PIN diodes are used to “connect” and “disconnect” the networks dedicated to configurations 1 and 2. These PIN diodes are placed in series with the matching network as close as possible to the edge of the ring to preserve the original geometry analyzed with CMA.



For simplicity, single-stub matching networks with   50  Ω   lines are used [42]. The PIN diode is turned ON (forward-biased) and OFF (reverse-biased) by the biasing network shown in Figure 4. The biasing network consists of inductors (which act as RF chokes), DC-blocking capacitors, and a current-limiting resistor. Specifically, the biasing network consists of two 0402DF-901XJR 900 nH inductors by Coilcraft [43], one BAP55LX PIN diode by NXP [44], two 0805N130 13 pF capacitors by PPI [45], and a standard through-hole   100  Ω   resistor. The PIN diode is switched ON with a   2.4  V   DC power supply, which provides sufficient current [44]. The PIN diode is switched OFF by just turning off the DC power supply, since reverse biasing does not provide any advantage (i.e., it does not significantly increase isolation) [44].



According to [43], in the 1–2 GHz frequency range, an inductor is modeled as a parallel combination of 900 nH inductance, 30 fF capacitance, and    10 5   Ω   resistance, as shown in Figure 5a. In this band, according to [44], the PIN diode is modeled as an inductor in series with either a   1  Ω   resistor, when ON (refer to Figure 5b), or a 0.2 pF capacitor, when OFF (refer to Figure 5c). Also, in this band, according to [45], a DC blocking capacitor is modeled with an ideal capacitance value of 13 pF. Following the above, appropriate RLC boundary conditions are defined in HFSS to model these lumped components.



The PIN diode in the series configuration (see Figure 4) only provides ∼6 dB isolation in the OFF state in the 1–2 GHz band. This isolation is sufficient for properly exciting the two configurations (each configuration generates one of the desired modes), but the remaining coupling between the matching networks of the two configurations causes the radiation efficiency of the two modes to be less than   50 %  . To improve this isolation, multiple PIN diodes can be used in series. Alternatively, in this work, a more elegant approach is developed. It is well known that an open-circuited quarter-wavelength stub can be used as a band-stop filter [42]. It follows that isolation can be increased by adding a    λ 1  / 4   stub to configuration 2 matching networks and a    λ 2  / 4   stub to configuration 1 matching networks, where   λ 1   and   λ 2   are the resonant frequencies of configurations 1 and 2, respectively. However, additional stubs increase the size of each matching network, thereby perturbing the ring antenna and preventing configurations 1 and 2 from properly exciting modes 1 and 2.



A better approach is to constrain the length of the single stub of the matching network, i.e., constrain the single stubs of the configuration 1 and 2 matching networks to be ∼   λ 2  / 4   and ∼   λ 1  / 4  , respectively. Under these constraints, the reactance of the stub is generally insufficient for the network to match   50  Ω  . To correct this, additional reactance is added to the matching network. Specifically, in simulation, the SMV 1405 varactor [46] (0.5–2.5 pF) is used for all the matching networks. Notably, varactors are used to tune the fabricated design instead of fixed capacitors. The same biasing network used for the PIN diode (see Figure 4) is also used to tune the varactor. Based on the above, the single-stub matching network design used for both configurations is shown in Figure 6. This network consists of two geometric parameters,   α n  ,   β n  , and the capacitance of the varactor,   C n  . Notably, a   90 ∘   bend is used to reduce coupling between adjacent ports (ports   P 1   and   P 2  , and ports   P 4   and   P 5   in Figure 3a). Furthermore, as shown in Figure 6, the matching network is fed with a probe so that the feed network does not have to be connected to the edge of the substrate for feeding. Using the feed network in Figure 6, the ports of both configurations are matched to   50  Ω  . As discussed in the following, the matching network is optimized for the active input impedance of each configuration.



Configuration 1, where ports   P 1   and   P 4   are differentially fed (as shown in Table 2), generates the current distribution indicated in Figure 7a. The active input impedance,   Z  a c t   , shown in Figure 7e, indicates a sharp resonance corresponding to characteristic mode 1. The parameters of the matching network in Figure 6 are correspondingly adjusted and are denoted by “network 1” in Table 3. The S parameters of this matching network are shown in Figure 7g, where   S  m  i j     denotes the S parameter for the   m th   matching network. The   S  1 11    curve in Figure 7g shows a   − 10   dB return loss, and the   S  1 12    curve indicates a   0.7   dB insertion loss. Furthermore, the   S  1 12    curve shows 40 dB isolation at the resonant frequency of configuration 2 (∼1.6 GHz). This matching network is added to the antenna, and the magnitude of the electric current distribution is shown in Figure 7b, while the   θ ^  - and   ϕ ^  -polarized radiations are shown in Figure 8a,g, respectively.



Configuration 2 (see Table 2) is excited when PIN diodes D1 and D2 are turned OFF, and it generates the current distribution indicated in Figure 7c. The active input impedance,   Z  a c t   , in Figure 7f shows that ports   P 2   and   P 5   have different input impedance from ports   P 3   and   P 6   due to the asymmetry introduced because of the configuration 1 matching network. The parameters of the matching network for ports   P 2   and   P 5   are denoted by “network 2” in Table 3, while the parameters of the matching network for ports   P 3   and   P 6   are denoted by “network 3”. Due to the high input impedance of configuration 2, the RF choke is composed of two series inductors as opposed to one (refer to the zoomed portion of Figure 7d). The   S  2 11    and   S  3 11    curves in Figure 7g show that   − 10   dB matching is achieved for both pairs of ports, and the   S  2 12    and   S  3 12    curves indicate an insertion loss below   1.5   dB. Additionally, these curves indicate that isolation greater than 20 dB is achieved at the resonant frequency of configuration 1, ∼1.9 GHz. These matching networks are added to the antenna, and the magnitude of the electric current distribution is shown in Figure 7d, while the   θ ^  - and   ϕ ^  -polarized radiations are shown in Figure 8d,j, respectively. Notably, with these matching networks, modes 1 and 2 are excited with similar radiation efficiency values,   66.8 %   and   71 %  , respectively. The simulated active S parameters of configurations 1 and 2 (defined in Table 2 and Table 4),   S  S 1 a c t    and   S  S 2 a c t   , respectively, for the finalized design (see Figure 7d) are shown in Figure 9.



Finally, it is important to emphasize that due to the intense concentration of fields of both modes, e.g., mode 2 has strong fields confined to the inner vertices (refer to Figure 1d), their radiation efficiency is sensitive to dielectric losses. To quantify this sensitivity, the radiation efficiency values of configurations 1 and 2, denoted by   η  C 1    and   η  C 2   , respectively, are tabulated in Table 5, where the relative permittivity is   2.2   and the dielectric loss tangent is varied in the range of values commonly found in substrates. Notably, these results are obtained using matched lumped ports and so do not account for insertion losses of the feed network. The data indicate that the ring antenna cannot be implemented on popular substrates like FR4, with   t a n δ = 0.02  , which presents a practical problem. Notably, to address this problem, an air gap of   0.738   mm between the ground and substrate can be added when the ring is fabricated on a   0.762   mm thick Rogers Kappa 438. In this case, configurations 1 and 2 have radiation efficiency values of   86 %   and   90 %  , respectively.





4. Fabrication and Measurement


In this section, the feed networks for configurations 1 and 2 are initially discussed. Then, the fabrication and measurements of the antenna are reported, and the latter are compared with the simulations. Configuration 1 (see Table 2) was implemented using a 3 dB   180 ∘   hybrid coupler by Clear Microwave Inc., model # DS-4D00 [47]. Configuration 2 (see Table 2) was implemented using a custom four-way microstrip power divider. The divider consisted of three identical T-Junction power dividers, each one with 50  Ω  input and two   70.7   Ω  quarter-wave transformers as output, which connected to two 50  Ω  lines. Meandering was used to achieve the appropriate phasing between ports. The divider was fabricated on   1.5   mm thick FR4 using an LPKF S103 milling machine, and it is shown in Figure 10. The S parameters were measured using an Agilent E5071C VNA. The simulated and measured S parameters are compared in Figure 11. At the resonant frequency of configuration 2 (i.e.,   1.63   GHz), Figure 11a indicates that there is less than a   0.25   dB difference between simulated and measured magnitude. Additionally, Figure 11b shows that in simulation, adjacent ports are   181 ∘   out-of-phase, while in measurement, adjacent ports are 171–187    ∘   out-of-phase at   1.63   GHz.



The ring antenna was fabricated and measured using the same equipment as the feed network, and it is shown in Figure 12. To minimize the effects of the DC biasing cables for the PIN diodes and varactors, the cables were connected from the bottom side of the substrate, as shown in Figure 12b. The measured active S parameter when the ring antenna was fed for configuration 1, using the 3 dB   180 ∘   hybrid coupler [47], is shown as   S  M 1 a c t    in Figure 9. Good agreement is observed between simulated and measured S parameters in Figure 9. Notably, due to fabrication errors, the SMV 1405 (  0.5  –  2.5   pF) varactor was replaced with an SMV 1413 (2–10 pF) in the matching network for mode 1 to achieve good matching. Matching was found to be the best when both varactors were set to 10 pF. Additionally, Figure 9 shows that the simulated bandwidth is 7 MHz   ( ∼  0.4%), while the measured bandwidth is   16.8   MHz   ( ∼  1%). This bandwidth is sufficient for operation in bands 33 and 37 of the 3rd Generation Partnership Project (3GPP) Evolved Universal Terrestrial Radio Access (E-UTRA) bands, which have bandwidths of 20 MHz [48]. Notably, the narrow bandwidth of both modes is expected, as the microstrip ring antenna is formed by a geometrical perturbation of the well-known high-Q microstrip patch antenna. The bandwidth of the microstrip ring can be enhanced with traditional techniques that modify the geometry of the radiating structure and/or the feed network. Additionally, due to the high isolation between the ports in configurations 1 and 2, the ports in configuration 2 can be left open, or they can be matched to 50  Ω  for this measurement with little difference.



The measured active S parameter when the ring antenna was fed for configuration 2 (using the four-way power divider in Figure 10 and Figure 11) is shown as   S  M 2 a c t    in Figure 9. The best matching was achieved when the varactors of the configuration 2 network provided   2.5   pF capacitance, as opposed to the 2 pF capacitance used in simulation. The results in Figure 9 show that the operational frequency of the prototyped antenna is slightly higher than the simulated one (by   4.2   MHz). Also, the simulated and measured bandwidths are   4.2   MHz   ( ∼  0.2%) and   11.2   MHz   ( ∼  0.5%), respectively. These bandwidths are sufficient for land mobile satellite operations [49], which typically require a bandwidth of 7 MHz. Notably, the small bandwidth of configurations 1 and 2 is expected based on [31,32]. Finally, Figure 9 indicates that there is high isolation between the two modes. Specifically, the simulated and measured isolation values are 58 dB and 37 dB, respectively. This difference is attributed to fabrication errors.



The radiation of the fabricated antenna was measured using the MVG near-field Starlab anechoic chamber at Florida International University (FIU). Under configuration 1, the top view of the 3D simulated   θ ^  - and   ϕ ^  -polarized radiations is shown in Figure 8a,g, respectively. The corresponding measured   θ ^  - and   ϕ ^  -polarized radiations are shown in Figure 8b,h, respectively.



For further comparison between simulations and measurements, the radiation patterns in two key elevation planes are shown. On the   n th   elevation plane, where   n ∈ [ 1 , 2 ]  , the simulated and measured patterns for polarization    p ^  ∈  [  θ ^  ,  ϕ ^  ]    are denoted as   P  S n  p ^     and   P  M n  p ^    , respectively. For the   θ ^  -polarized radiation, the two key planes at    ϕ 1  =  0 ∘    and    ϕ 2  =  45 ∘    (indicated by dashed lines in Figure 8a) are used, and the corresponding patterns are plotted in Figure 8c. For the   ϕ ^  -polarized radiation, the two key planes at    ϕ 1  =  20 ∘    and    ϕ 2  =  140 ∘    are used (indicated by dashed lines in Figure 8g), and the corresponding patterns are plotted in Figure 8i. The comparisons of these patterns indicate that simulated and measured results for configuration 1 agree very well.



For configuration 2, the top view of the 3D simulated   θ ^  - and   ϕ ^  -polarized radiations are shown in Figure 8d,j, respectively. The corresponding measured   θ ^  - and   ϕ ^  -polarized radiations are shown in Figure 8e,k, respectively. For the   θ ^  -polarized radiation, two key planes at    ϕ 1  =  0 ∘    and    ϕ 2  =  90 ∘    are chosen, as shown in Figure 8d, and the corresponding patterns are shown in Figure 8f. For the   ϕ ^  -polarized radiation, two key planes at    ϕ 1  =  40 ∘    and    ϕ 2  =  130 ∘    are chosen, as shown Figure 8j, and the corresponding patterns are shown in Figure 8l. The comparisons of these patterns indicate that the simulated and measured results for configuration 2 agree very well.



Finally, it is important to emphasize that the measured patterns for both configurations in Figure 8 have been adjusted to include the losses. Specifically, for configuration 1, the total insertion loss due to cables and the 3 dB   180 ∘   hybrid coupler [47] was measured and found to be approximately 1 dB. Therefore, the measured peak gain and radiation efficiency are   4.7   dB and   44.3 %  , respectively. Hence, compared with the simulations, the measured results have 1 dB lower peak gain and   22.2 %   lower radiation efficiency. This discrepancy is expected due to the fabricated antenna requiring   8.5   pF more capacitance than in simulation due to fabrication errors. Under configuration 2, the total insertion loss due to cables and the fabricated feed network was measured and found to be approximately 3 dB (refer to Figure 11a). Therefore, the measured peak gain and radiation efficiency are   4.7   dB and   64 %  , respectively. Hence, the simulated and measured peak gain and radiation efficiency agree very well. This is expected because the fabricated antenna only required 0.5 pF higher capacitance compared with the simulations. Notably, the measured gain of   4.7   dB falls into the expected range of traditional monolayer antennas [50].



To elucidate the advantages of our work over similar state-of-the-art dual-mode dual-band antenna designs with dedicated feed networks, Table 6 compares the measured bandwidth (  B W  ), peak realized gain (  G p  ; gain that incorporates all losses, e.g., reflection and substrate losses), minimum in-band isolation (  I  m i n   ), and radiation efficiency ( η ), for both the low band (LB) and high band (HB) of operation. In this work, configuration 2 corresponds to the low band, while configuration 1 corresponds to the high band. Table 6 shows that the main advantage of our proposed work lies in its ability to simultaneously reconfigure its radiation pattern and frequency of operation using a single multimode radiator. Furthermore, Table 6 demonstrates that our proposed design achieves this reconfigurability while simultaneously attaining the isolation, gain, and bandwidth of state-of-the-art non-reconfigurable designs.




5. Conclusions


In this work, an electronically reconfigurable multimode antenna was designed based on CMA. Specifically, CMA was applied to a square microstrip ring antenna, revealing higher-order orthogonal modes. As a proof of concept, an antenna was designed for two of these modes, and an electronically reconfigurable feed network based on PIN diodes was developed to switch between the two modes. The design was validated with fabrication and measurements. Both simulations and measurements demonstrated the complementary radiation patterns of modes 1 and 2, which can act as sum and difference beams. This makes the proposed antenna a good candidate for low-monopulse radar tracking, which is a more cost-effective solution than traditionally expensive phased arrays [35]. Notably, the reduced cost of a system based on our proposed reconfigurable antenna is achieved with an inherent reduction in performance as compared with a system based on non-reconfigurable antennas optimized to operate in a single band or mode of operation.



Importantly, this work has demonstrated how the physical insights gained with CMA can be applied to antenna geometries in a systematic way to create novel low-profile and compact antennas.
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Figure 1. Characteristic mode 1 at   1.9   GHz: (a) electric surface current distribution,    |   J n   |   , (b)   θ ^  -polarized radiation, and (c)   ϕ ^  -polarized radiation. Characteristic mode 2 at   1.6   GHz: (d) electric surface current distribution,    |   J n   |   , (e)   θ ^  -polarized radiation, and (f)   ϕ ^  -polarized radiation. 
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Figure 2. Configuration 1: (a) electric surface current distribution, (b)   θ ^  -polarized radiation, and (c)   ϕ ^  -polarized radiation. Configuration 2: (d) electric surface current distribution, (e)   θ ^  -polarized radiation, and (f)   ϕ ^  -polarized radiation. 
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Figure 3. Configuration 1 at   1.9   GHz: (a) electric surface current distribution, (b)   θ ^  -polarized radiation, and (c)   ϕ ^  -polarized radiation. Configuration 2 at   1.6   GHz: (d) electric surface current distribution, (e)   θ ^  -polarized radiation, and (f)   ϕ ^  -polarized radiation. 
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Figure 4. Schematic of the PIN diode biasing network. 
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Figure 5. Schematic model of (a) inductor, (b) PIN diode in ON state, and (c) PIN diode in OFF state. 
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Figure 6. Matching network with all the components (capacitor, PIN diode, inductor, and varactor) shown in detail (all dimensions in mm). 
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Figure 7. Magnitude of surface electric current distribution under configuration 1 (a) using lumped ports and (b) using a matching network, and under configuration 2 (c) using lumped ports and (d) using a matching network. Active input impedance,   Z  a c t   , of (e) configuration 1 and (f) configuration 2. S parameters of configuration 1 and 2 matching networks (refer to Figure 6), where   S  m  i j     denotes the S parameter for the   m th   matching network (g). 
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Figure 8. Configuration 1 radiation: top view of   θ ^  ,  ϕ ^  -polarized 3D radiation in (a,g) simulated, in (b,h) measured, and in (c,i) key elevation planes. Configuration 2 radiation: top view of   θ ^  ,  ϕ ^  -polarized 3D radiation in (d,j) simulated, in (e,k) measured, and in (f,l) key elevation planes. 
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Figure 9. Active S parameters under configuration 1 (simulated,   S  S 1 a c t   , and measured,   S  M 1 a c t   ) and under configuration 2 (simulated,   S  S 2 a c t   , and measured,   S  M 2 a c t   ). 
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Figure 10. Feed network for configuration 2: (a) top view and (b) bottom view. 
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Figure 11. Configuration 2 feed network S parameters between ports i and j according to simulation,   S  S i j   , and measurements,   S  M i j   : (a) magnitude and (b) phase. 
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Figure 12. Fabricated antenna: (a) top view and (b) bottom view. 
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Table 1. Phasor lumped-port configurations.
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Port

	
   P 1   

	
   P 2   

	
   P 3   

	
   P 4   




	
Configuration

	






	
1

	
   1   0     

	
0

	
   1   π     

	
0




	
2

	
   1   0     

	
   1   π     

	
   1   0     

	
   1   π     











 





Table 2. Phasor-dedicated lumped-port configurations.
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Port

	
   P 1   

	
   P 2   

	
   P 3   

	
   P 4   

	
   P 5   

	
   P 6   




	
Configuration

	






	
  1  

	
   1   0     

	
0

	
0

	
   1   π     

	
0

	
0




	
  2  

	
0

	
   1   0     

	
   1   π     

	
0

	
   1   0     

	
   1   π     











 





Table 3. Matching network parameters.
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Parameter

	
 α  (mm)

	
 β  (mm)

	
C (pF)




	
Network

	






	
1

	
   10.3   

	
   32.5   

	
   1.5   




	
2

	
38

	
   26.9   

	
2




	
3

	
   27.4   

	
   26.4   

	
2











 





Table 4. PIN diode configurations.
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Diode

	
   D 1   

	
   D 2   

	
   D 3   

	
   D 4   

	
   D 5   

	
   D 6   




	
Configuration

	






	
  1  

	
ON

	
OFF

	
OFF

	
ON

	
OFF

	
OFF




	
  2  

	
OFF

	
ON

	
ON

	
OFF

	
ON

	
ON











 





Table 5. Radiation efficiency of both modes with different dielectric losses.
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   tan δ   

	
   0.0009   

	
   0.005   

	
   0.02   




	
  η  

	






	
    η  C 1   %   

	
   83.7   

	
   46.6   

	
   17.5   




	
    η  C 2   %   

	
   93.7   

	
   61.6   

	
   27.4   











 





Table 6. Comparative study of the proposed reconfigurable multimode antenna.
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