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Abstract

:

In this paper, we present the design and fabrication of two dual circularly polarized (CP) patch antennas that can be profitably used as feeders for reflector systems normally adopted for satellite applications. In the first part of the manuscript, we propose the optimization of a dual-CP patch antenna, loaded by a fence of passive monopoles around it to increase antenna gain for high elevation angles. To achieve dual-CP operation mode, the circular patch has been sequentially-fed by three pins, whose mutual phase-shift is equal to   120 °  . The antenna feeding network was placed on the antenna back and designed using microstrip technology. Two different input ports provide both right-hand (RH) and left-hand (LH) circular polarizations. A prototype of such an antenna was fabricated and measured at   f = 8.25   GHz. Furthermore, to test the versatility of the proposed single radiating patch, in the second part of the manuscript, we present the results of geometrically scaling at   f = 2.2   GHz (higher UHF band) and this was used as a building block for the design of a dual-CP sequentially-fed 2-by-2 array antenna. The results for both the proposed antennas are satisfactory in terms of impedance bandwidth, broad radiation pattern, gain and cross-polarization rejection, thus they can be profitably used as feeders for reflectors at relatively low frequencies.
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1. Introduction


Among various kinds of antennas radiating non-directive beams, patches can be undoubtedly considered widely-adopted low-cost and low-profile solutions. Indeed, patch antennas can be easily fabricated by using the standard and commonly-used microstrip technology. In such a way, different single patch shapes, as well as patch arrangements in arrays, can be easily fabricated on the same substrate without increasing the whole circuit fabrication complexity, depending on target application.



Circularly polarized (CP) antennas [1,2,3,4] at relatively low frequencies (higher UHF band) have been profitably adopted in several satellite applications such as CubeSats [5,6], MEO satellites [7], telemetry tracking and command (TTC) antennas [8], near-field focusing [9,10,11] only to mention a few. In particular, CP patch antennas combine the advantages of fabrication easiness and of CP: the antenna does not need to be oriented along a particular direction, it is insensible to Faraday rotation, and the channel capacity is inherently duplicated by using the two orthogonal circular polarizations. Such requirements are of primary importance especially for satellite or RADAR [12,13] applications, in which the effects of ionosphere and rain have to be carefully taken into account in antenna design.



However, two important drawbacks of single-feed patch antennas are their reduced axial ratio (AR) bandwidth and their poor polarization purity. To mitigate such effects, it is sometimes useful to exploit sequentially-rotated multi-feed patch antennas, as outlined in [14,15].



To deal with these issues, in the first part of the paper we propose the design and fabrication of a sequentially-fed [15,16] circular patch antenna with relative phases of   0 °  ,   120 °   and   240 °   and operating at   f = 8.25   GHz. The antenna radiates dual-CP by connecting alternatively the two input ports of the microstrip feeding network printed on the antenna back. Useful and comprehensive techniques to design both antenna arrays and feeding networks in microstrip technology can be found in [17]. Thanks to their inherent compactness, microstrip feeding networks have been adopted both for applications at relatively low frequencies, i.e., in UHF band [18] and also in the range of microwaves [19].



Moreover, to increase antenna compactness and to allow more flexibility in aperture distribution shaping, in the second part, the sequentially-fed patch antenna was properly scaled and adopted as building block for the design of a 2-by-2 array for applications in the higher UHF band, at the operating frequency of   f = 2.2   GHz. The array configuration increases antenna gain and can be also used to synthesize the difference (delta,  Δ ) radiation pattern normally used to track satellites from ground stations. It is worth noting that a set of properly designed passive monopoles has been included in the antenna design to compensate unavoidable gain loss for large elevation angles. Indeed, passive monopoles are usually adopted to compensate antenna gain loss and to preserve also CP purity at high elevation angles ( θ ) [20].



The resulting low axial ratio (AR) and the symmetric broad radiation pattern allow the antennas to be profitably used as a reflector primary feeders for satellite applications.



The paper is organized as follows. In Section 2, the operating principles of a dual-CP polarized sequentially-fed patch antenna loaded by a fence of passive monopoles are discussed, considering the design and realization of a prototype operating at   f = 8.25   GHz. In Section 3, the proposed single radiating element is used as a building block for the design of a 2-by-2 array operating in the higher UHF band at   f = 2.2   GHz for satellite applications, and in Section 4 the proposed array is experimentally tested. Finally, conclusions are drawn.




2. Design and Characterization of a Dual-CP Sequentially-Fed Single Patch Antenna


In this Section, the design and fabrication of a dual-CP sequentially-fed patch antenna are presented, extending the results shown in [21] through the prototype fabrication and experimental characterization in an anechoic chamber.



Let us consider a circular metallic patch suspended in air to minimize losses due to the dielectric (Figure 1). It is fed in such a way to radiate a broad beam in the boresight direction (  θ =  0 °   ) by exciting the fundamental   T  M 110 z    mode, according to the cavity model in [22]. Such a circular patch is sequentially-fed by using three pins rotated of   120 °   each other [15], in such a way to generate a CP with a considerable AR bandwidth.



The proper phase-shift was achieved by designing the feeding network in microstrip technology on the antenna back. With reference to Figure 2a, the microstrip line impedances   Z i   and lengths   L i   were properly synthesized according to the systematic methods explained in [23,24,25,26,27,28], and for the sake of convenience are reported in Table 1. The substrate used to realize the feeding network was a ROGERS TMM4 of thickness    h d  = 0.76   mm, relative electrical permittivity    ϵ r  = 4.5   and loss tangent   tan δ = 0.002  . In such a network, the two input ports allow dual-CP operation mode, by simply alternatively feeding the two ports.



To increase the antenna gain close to the end-fire direction (  θ =  90 °   ), a fence of eight passive monopoles, connected to the antenna ground plane, was placed. This solution mitigates the unavoidable cross-polarization at high elevation angles [21], and is lightweight relative to cavity-backed antenna solutions [29].



The antenna geometry was parametrically studied by using the full-wave commercial software Ansys HFSS, by acting on its relevant parameters, whose optimized values are summarized for the sake of conciseness in Table 2. It is worth mentioning that the antenna was optimized by means of physical considerations and not by using blind multi-variable optimization algorithms. The dominant physical effects associated to most relevant geometrical parameters on final antenna radiation pattern. For instance, monopole heights   h m   were tuned from    λ 0  / 5   to    λ 0  / 4   to achieve satisfactory gain compensation at high elevation angles. Moreover, patch radius   r p   was chosen to set antenna central frequency, according to the general considerations in [22]. Finally, the patch height   h 0   was also used for tuning purposes.



Furthermore, to verify the correctness of the design procedure, a prototype of sequentially-fed circular patch antenna was fabricated for operating over the bandwidth   [ 8.1 , 8.4 ]   GHz, as shown in Figure 2b. The effect of passive monopoles on the radiated field pattern was investigated by simulating the resulting antenna both in presence and in absence of monopoles, as shown in Figure 3a,b, both in   ϕ =  0 °  ,  90 °    cut planes. As it is apparent, the monopoles have the positive effect of increasing antenna gain for elevation angles far from broadside direction (  θ =  0 °   ).



As it can be inferred from Figure 3c, simulated (empty triangular/squared markers, dashed lines) and also measured (filled triangular/squared markers, continuous lines) antenna impedance matching at the two input ports are satisfactory and almost constants (   |   S LHCP   | ≈ |   S RHCP   | ≤ − 10    dB in both cases) in all of the considered band. It has to be noticed that the degradation of measured reflection coefficient with respect to the ideal simulated one (with a commercial circuital software) is mainly due to fabrication tolerances and to the low-cost adopted technology. Moreover, the isolation between input RHCP and LHCP ports (  S ISOL   parameter) was simulated (empty circular markers, dashed line) and measured (filled circular markers, dashed line); they are satisfactory (   |   S ISOL   | < − 12    dB) and almost constant over all the considered bandwidth   [ 8.1 , 8.4 ]   GHz.



The measured antenna co-polar and cross-polar gain patterns are shown in Figure 3d. Although the antenna radiates a broad pattern in the elevation plane, it exhibits a good cross-polarization rejection, also thanks to the monopole fence positive effect, that allows us to compensate the pattern gain reduction at high elevation angles typical of patch antennas.




3. Dual-CP 2-by-2 Array Antenna for Satcom Applications


Once we evaluated the radiation performances and the polarization purity of a single sequentially-fed patch antenna loaded by a fence of passive monopoles, the antenna was properly scaled to be used as a building block for the design of a dual-CP 2-by-2 array, operating in the higher UHF band at   f = 2.2   GHz. In this case, the antenna was loaded at its center and around it by passive monopoles to increase the antenna gain close to end-fire direction. In Figure 4a the array geometry is presented by highlighting the relevant parameters for antenna optimization. To enhance the antenna compactness, the circular patches composing the array were cut in correspondence of   ϕ =  0 °  ,  90 °    array symmetry axes, without significantly affecting the radiation pattern due to the two-folded symmetry preservation. In addition, the presence of four passive monopoles at the antenna center helps to compensate tip/edge effects due to the cuts. The final parameter list used to fabricate the antenna prototype is shown in Table 3.



Moreover, in Figure 4b, the simulated reflection coefficient (  S 11  ,   S 22  ) versus frequency, obtained by alternatively feeding both RHCP and LHCP ports, is shown, thus demonstrating a good array impedance matching. Instead, in Figure 4c the antenna gain at   θ =  0 °    is shown over all the considered bandwidth, clearly demonstrating a satisfactory gain for a feeder of reflectors in Satcom applications.



On the other hand, in Figure 4d, the simulated broadside AR versus frequency is presented in the bandwidth   [ 2 , 2.3 ]   GHz, by considering both presence (traces with filled markers) and absence (traces with empty markers) of monopoles. As it is apparent, monopoles are able to greatly increase antenna polarization purity at high elevation angles (  θ >  45 °   ), since the simulated AR can be decreased up to 1 dB over almost all the operating bandwidth. Moreover, to highlight the effect of monopoles also on antenna gain elevation pattern, in Figure 5, the simulated RHCP (  G R  ) and LHCP (  G L  ) gain patterns versus elevation angle are shown, with (filled markers) and without (empty markers) monopoles around the 2-by-2 array, for the cut-planes at (a)   ϕ =  0 °    and at (b)   ϕ =  90 °   . As it is apparent, the presence of monopoles results in an increase of antenna gain for large elevation angles (  θ >  20 °   ), as well as in an enhancement of the polarization purity, since the cross-polar gain is remarkably reduced of 10 dB with respect to the case without monopoles.



The proposed array antenna was designed to be used as primary feeder of reflectors operating in S-band, because of this, the stability of phase center position versus frequency has to be verified in order to ensure efficient reflector illumination. For such kinds of arrays, in which geometric symmetries with respect to xz and yz planes, the phase center has to lie on the z-axis. If no phasing is imposed on the antenna aperture, the phase center is exactly on it, at the central frequency. When a frequency shift occurs, in general a linear phasing is present, hence the phase center moves a little bit on the z-axis. However, in our case the phase center displacement was almost negligible, since the operating bandwidth was not so large and the antenna size was smaller than the operating wavelength. In [30] further theoretical details can be found.




4. Array Prototype Fabrication and Measurements


A prototype of the 2-by-2 array operating in the higher UHF band (  f = 2.2   GHz) is shown in Figure 6a. The gain of such an antenna is reported in Figure 6b, in which a fair agreement between simulated and measured co-polar gain patterns can be found in the elevation angle range   θ ∈ [ − 30 , 30 ]  . Moreover, the array presents a very low cross-polar component (<−25 dB), as it can be inferred from the simulated traces with filled triangle markers.



It is worth noting that, to ensure the dual-CP antenna performances, the CP radiation pattern should be measured by feeding alternatively both RHCP and LHCP input ports. However, by considering that the radiated gain pattern does not differ significantly if the input port is switched, for the sake of brevity, in Figure 6b only the co-polar and cross-polar gain patterns radiated by the array are provided at the central frequency   f = 2.2   GHz, when the RHCP input port is fed. Such results allow the array to be used as a primary feeder for reflector systems for S-band satellite applications.



The feeding scheme that guarantees the proper   120 °   phase shifts between the three pins used to feed array patches (already presented in Figure 2a), and thus CP, was scaled and replicated for each element of the array. Finally, the four RHCP (LHCP) ports were connected to two standard RHCP (LHCP)   Σ − Δ   networks [31] to obtain the RHCP (LHCP) sum and difference patterns required for satellite tracking, as schematically shown in Figure 7. The two   Σ − Δ   feeding networks were realized on a separate board in microstrip technology. On the other hand, the scaled networks used to feed each array element, schematically shown in Figure 2a, are printed on their back. The four feeding networks were fabricated by using a ROGERS TMM4 substrate, with different thickness    h d  = 2.54   mm, due to the frequency scaling at   f = 2.2   GHz.



The   Σ − Δ   feeding network was fabricated as shown in Figure 8a, whereas in Figure 8b the circuit layout is presented, in which all network ports are labeled from P1 to P8. According to [31], the network is able to synthesize the sum ( Σ ) and the difference (  Δ  a z   ,   Δ  e l   ) patterns required for satellite azimuthal and elevation tracking. In particular, the RHCP (LHCP)   Σ − Δ   networks were connected through the ports labeled by A, B, C and D to the four RHCP (LHCP) array input ports. The sum pattern (A+B+C+D signal) is obtained at port P1. The two difference patterns, i.e.,   Δ  a z    and   Δ  e l   , are instead obtained by synthesizing the signals A+B-C-D and A+C-B-D at ports P4 and P2, respectively. Moreover, In Figure 8c the simulated reflection coefficients at network ports   S  j j    (  j = 5 , 6 , 7 , 8  ), which are directly connected to the array RHCP/LHCP ports, are shown. For the sake of simplicity, in Figure 8d the simulated the insertion loss    I L = −  log 10   |  S  j 1   |    (  j = 5 , 6 , 7 , 8  ) between network output (A, B, C and D) and input  Σ  (P1) ports is also presented. As it is apparent, good reflection coefficients and satisfactory insertion loss occur. In Figure 8e the simulated relative phases between network output (A, B, C and D) and input  Σ  (P1) ports is also provided. Such a result clearly shows that all the output signals of   Σ − Δ   networks, used to feed the 2-by-2 array (Figure 7), are in phase over all the considered bandwidth, as required. The   120 °   phase shifts used to generate CP are then simply obtained by connecting the outputs of the two   Σ − Δ   networks to the four scaled versions of patch feeding networks, already provided in Figure 2a. Finally, for the sake of completeness in Figure 8f a comparison of simulated and measured difference patterns is provided, that in this case shows a fair agreement.




5. Conclusions


In this paper, the design, fabrication and measurements of a dual-CP sequentially-fed circular patch antenna, loaded by a fence of passive monopoles, are proposed. The antenna radiates a broad pattern in both the azimuthal and elevation planes with a good cross-polarization rejection. To achieve dual-CP operation mode, the circular patch was sequentially-fed by three pins, whose mutual phase-shift is equal to   120 °  , while the antenna feeding network was designed in microstrip technology. Moreover, the presented antenna was used as a building block for the design and fabrication of a 2-by-2 array for higher UHF band satellite applications, showing a fair agreement between simulations and measurements. The proposed antennas can be profitably adopted as primary feeds for reflector systems for Satcom application.
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Figure 1. Side-view of the proposed sequential-fed patch antenna loaded by monopoles properly designed to increase the antenna gain close to end-fire direction, in which the relevant geometrical parameters are highlighted. 
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Figure 2. (a) Schematic of the feeding network in microstrip technology. By alternatively feeding the antenna at ports RHCP or LHCP, dual-CP operation mode is enabled. (b) Prototype of sequentially-fed patch antenna surrounded by a fence of passive monopoles and operating at   f = 8.25   GHz. 
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Figure 3. Simulated RHCP (GR) and LHCP (GL) gain patterns versus elevation angle with (filled markers) and without (empty markers) monopoles around the single radiating patch, for the cut-planes at (a) ϕ = 0° and at (b) ϕ = 90°. The results are provided at the central frequency f = 2.2 GHz. (c) Simulated (empty triangular/squared markers, dashed lines) and measured (filled triangular/squared markers, continuous lines) reflection coefficients at RHCP (SRHCP) and LHCP (SLHCP) input ports, together with simulated (empty circular markers, dashed line) and measured (filled circular markers, continuous line) isolation between RHCP and LHCP ports (SISOL), in the considered bandwidth [8.1,8.4] GHz. (d) Measured co-polar and cross-polar gain patterns at ϕ = 0° versus elevation angle at the operating frequency f = 8.25 GHz. 
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Figure 4. (a) Side-view of the proposed 2-by-2 patch array operating in the higher UHF band. (b) Reflection coefficient (  S 11  ,  S 22  ) versus frequency over the operating bandwidth. (c) Gain versus frequency over the operating bandwidth. (d) Simulated broadside axial ratio (  θ =  0 °   ) versus frequency, for different elevation and azimuthal angles. As it is apparent, the monopoles are able to increase significantly antenna polarization purity. 
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Figure 5. Simulated RHCP (  G R  ) and LHCP (  G L  ) gain patterns versus elevation angle with (filled markers) and without (empty markers) monopoles around the 2-by-2 array, for the cut-planes at (a)   ϕ =  0 °    and at (b)   ϕ =  90 °   . The results are provided at the central frequency   f = 2.2   GHz. 
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Figure 6. (a) Prototype of dual-CP sequentially-fed 2-by-2 antenna array. (b) Simulated co-polar (thin continuous black line with empty triangles for the cut plane at   ϕ =  0 °   , thin blue dashed line with empty squares for the cut plane at   ϕ =  90 °   ) and measured co-polar (thin continuous black line with empty triangles for the cut plane at   ϕ =  0 °   , thin blue dashed line with empty squares for the cut plane at   ϕ =  90 °   ) and simulated cross-polar (thick blue and black continuous lines with filled triangles for the cut planes at   ϕ =  0 °    and   ϕ =  90 °   , respectively) gains of the array antenna at the central frequency   f = 2.2   GHz. 
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Figure 7. Block scheme of the connections between   Σ − Δ   networks and the 2-by-2 array RH/LH CP ports. 
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Figure 8. (a) Fabricated   Σ − Δ   network. (b) Layout. (c) Reflection coefficient (  S  j j   ) over all the considered bandwidth (d) Insertion Loss. (e) Relative phase. (f) Comparison of simulated (filled markers) and measured (empty markers) normalized difference patterns required for satellite tracking. Such patterns are obtained by connecting the antenna array to a standard   Σ − Δ   network. 
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Table 1. Dual-circularly polarized (CP) single patch feeding network parameters.






Table 1. Dual-circularly polarized (CP) single patch feeding network parameters.





	Microstrip Line
	Impedance [  Ω  ]
	Length [mm]





	   # 1   
	   90.2   
	   8.19   



	   # 2   
	   75.1   
	   6.48   



	   # 3   
	   86.4   
	   5.39   



	   # 4   
	   55.6   
	   5.78   
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Table 2. Single patch antenna geometric parameters (  f = 8.25  GHz  ).






Table 2. Single patch antenna geometric parameters (  f = 8.25  GHz  ).





	Parameter
	Description
	Value [mm]
	Value [   λ 0   ]





	   r  a n t    
	Antenna radius
	   15.5   
	   0.43   



	   r p   
	Patch radius
	   8.65   
	   0.24   



	   r m   
	Monopole position
	11
	   0.30   



	   d m   
	Monopole diameter
	   1.5   
	   0.04   



	   h  s u b    
	Substrate thickness
	   0.76   
	   0.02   



	   h m   
	Monopole heights
	   5.5   
	   0.15   



	   h 0   
	Patch height
	   1.49   
	   0.04   
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Table 3. The 2-by-2 array geometric parameters (  f = 2.2  GHz  ).






Table 3. The 2-by-2 array geometric parameters (  f = 2.2  GHz  ).





	Parameter
	Description
	Value [mm]
	Value [   λ 0   ]





	   h d   
	Dielectric thickness
	   2.57   
	   0.019   



	   h a   
	Air gap thickness
	9
	   0.07   



	   R p   
	Patch radius
	29
	   0.21   



	   R m   
	Monopole radius
	1
	   0.007   



	   h m   
	Monopole heights
	24
	   0.20   



	   l c   
	Patch cut length
	41
	   0.30   



	   d m   
	Adjacent monopole distance
	4
	   0.03   
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