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[bookmark: _Hlk63692836][bookmark: _Hlk56537222]Abstract—This paper presents a novel Quad-Ridged Horn (QRH) antenna incorporating a balanced feed. A cross shaped fusiform structure is mounted in the center of the QRH. The fusiform structure has the effect of suppressing the cross-polarization component by improving the conventional QRH TE11 mode. The paper presents an equivalent circuit that has been derived for the proposed balanced feed network. Four SMA probes are symmetrically distributed around the horn wall and the inner conductors of the two probes facing each other are connected. The cross-polar level, within a 30-degree solid angle, is less than -23 dB from 2 GHz to 6 GHz. The measured isolation between two orthogonal linearly polarized ports is higher than 42 dB and the return loss is lower than -15 dB over the entire working frequency band.
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I.  Introduction
The technology for 5G mobile networks has entered into commercial use. There is an increasing desire to employ Over-the-Air (OTA) methods in preference to conventional conductive tests for antenna measurement [1]-[4]. This is driven by highly integrated nature of antenna technology for 5G applications along with the large number of antenna ports under test.
Traditional narrow band standard waveguide probe antennas cannot cover the entire operating band of 5G sub-6GHz. For this reason, it is necessary to exchange the probe antenna several times, which greatly reduces the measurement efficiency and produces greater measurement uncertainty [5], [6].
The Quad Ridged Horn (QRH) antenna is a wide band antenna that offers moderately high directivity [7]-[18]. German et al. presents an excellent design for a dual-polarized QRH having a wide beamwidth and stable phase center over a 3:1 instantaneous bandwidth [8]. The design by German et al. meets the requirement for 5G OTA measurement. In [9] accurate additive manufacturing techniques were employed to build the prototype; making this antenna very suitable for use in commercial applications [9]. References [10]-[12] report balanced feed designs for the QRH which improve the symmetry of the radiation pattern and suppress distortion in the radiation pattern, caused by the presents of higher order modes. The designs presented in [10], employ a quadraxial feeding network with the aim of exciting only the fundamental TE11 mode. The antennas presented in [11] incorporate an inverted quad-ridged structure which acts as an ortho-mode transducer for the balanced feed. A simple balanced feed geometry that connects the inner conductors of the two probes facing 
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each other is proposed in [12]. The 180º hybrids are employed to improve the integration of the balanced feed antenna and to suppress magnitude and phase errors caused by imperfections in the connected cables [19].
This paper presents a balanced feed QRH, shown in Fig. 1, a novel metal fusiform structure is introduced to improve the cross polarization within a wide solid angle. 
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Fig. 1. The photo of balanced-fed QRH with fusiform-shaped cross filler conductor.

II.   Antenna structure and dimensions
A.  Balanced Feed
The conventional approach for feeding a QRH involves using two vertically oriented coaxial probe feeds [7]. A design for a balanced feeding was proposed in one of our previous papers [12]. The design proposed in this paper incorporates four SMA probes that are distributed symmetrically in a ring and inserted in pairs at their terminal. The four SMA probes are symmetrically distributed around the outer wall of the horn. Two types of probes, defined as plug-terminal probes and socket-terminal probes, are inserted through two opposite ridges respectively, as illustrated in Fig. 2. The plug-terminal probe (male) incorporates a piece of protruding metal, while the socket-terminal probe (female) incorporates four claws at its terminal. 
The diameters of the inner and outer conductors of the coaxial cable are rc = 1.27 mm, and ra = 2.92 mm, respectively. Lpin represents the distance between the center of the coaxial cable and the bottom of the ridge. The parameter g represents the small gap between two ridges that face one another. The bottom of the four ridges are chamfered so that they can fit together more closely, as shown in Fig. 3, detail B. The chamfer angle is indicated by  as shown in Fig. 3. The most optimal values are Lpin = 2.5 mm,  = 60°, g = 3.2 mm, tg = 5 mm, and wg = 1.4 mm in this design to obtain an excellent return loss.
The two inserted probes are excited by a differential signal derived from a 180° hybrid coupler. 

[image: ]

Fig. 2.  Configuration of balanced feeding at the bottom of the horn. Two types of probes are inserted into each other at their terminal.
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Fig. 3.  The view from top of the horn. The detail illustrates the ridges gap, the chamfer at ridges bottom, and the tip width of ridges.

B. Ridged Horn and Corrugated Slots
An exponential function is applied to profile the ridges within the proposed QRH, as shown in Fig. 4. The function is defined as:
[bookmark: _Hlk64648486]           (1)
where c1, c2 are the coefficients of the linear function and G is the coefficient of the exponential function. The origin of the coordinate axes is shown in Fig. 4, detail B. All three parameters were optimized using the optimization engine in CST Microwave Studio in order to achieve a good voltage standing wave ratio (VSWR). An operating frequency band greater than 3:1 was achieved by setting c1 = 2.1, c2 = 0.06, G = 0.0175. The overall length of the horn, L, and the radius of the aperture, aap, are presented in Table I.
A stepped ramp has been introduced into the quad-ridged waveguide at the base of the ridges, as shown in Fig. 4, detail B. Three steps are employed in this case and the optimized parameters are given in Table I. The introduction of the stepped ramp has the effect of improving the return loss. The VSWR of the QRH is smaller than 1.5 from 2 GHz to 6 GHz.
Corrugations are introduced at the edge of QRH aperture in order to improves the radiation performance of the antenna [20]. The depth of corrugations is set to a quarter of a free-space wavelength at 2 GHz. These details are shown in detail A of Fig. 4.

TABLE I
Parameters of The Final Optimized QRH (Unit: mm)

	
	L
	
	
	
	

	176
	220
	58.2
	0.8
	1.2
	1

	
	
	
	
	
	

	3.5
	2
	4
	19.8
	4.9
	11.9

	
	
	
	
	g
	

	37.6
	36.5
	10
	1.4
	3.2
	2.8


[image: ]

Fig. 4.  The side view of horn section. 

C. Fusiform-Shaped Cross Filler Conductor
A filler conductor is introduced to modify the field distribution within the QRH in such a way as to suppresses the cross polarization, as shown in Fig. 5 [21]. The filler conductor is spindle shaped and is tapered at both ends. We coin the term fusiform-shaped to refer to the filler conductor.
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(b)
Fig. 5.  The fusiform-shaped cross filler conductor. (a) The model of the conductor, including the side and the top view. (b) The photo of the conductor and the fixed structure.

[bookmark: _Hlk56614171]The cross filler conductor has 4-fold symmetry with respect to its axis. We refer to the result of cutting the structure along a particular symmetry plane, as a slice. The outline profile of each slice may be divided into two curves, Scon1 and Scon2. A modified exponential function is used to create a smooth overall profile. Sbot is a pyramidal shaped section connected to the bottom of the Scon2, described by x1-y1 axis. The profile Scon1 and Scon2 is made up of exponential curves defined as: 
             (2)
[bookmark: _Hlk56612485]where m1, m2, m3, m4, q1, q2 are parameters of the profile, and tqc1 = 105.4 mm, tqc2 = 40.6 mm are the length of Scon1 and Scon2 respectively. The values of these parameters were optimized in CST to improve the VSWR and cross polarization performance. The optimum values are as follows: m1 = 1.934, m2 = 0.272, m3 = 1.488, m4 = 0.117, q1 = 0.0281, q2 = 0.0222.
[bookmark: _Hlk41751613]The filler conductor is fixed in place within the QRH using a polymerized material having a 1.02 dielectric constant. The distance between the conductor and the aperture, in Fig. 4, is dac = 19 mm.

D. Assembly Model
The antenna is manufactured in three sections, namely: the QRH, the filling conductor, and the packaging box for the hybrid couplers. Both the QRH, incorporating corrugated slots, and filler conductor are produced by five axis machining in order to provide the required level of fabrication accuracy. The separate parts of QRH and feeding network are shown in Fig. 6. 
[image: F:\总装图\使用图\3D整体图_NEW4_2020.2.7.tif]

Fig. 6.  3D assembly view of QRH and feeding network.

III.   Antenna Design Rules
The first step was to design a quad-ridged waveguide having an appropriate cut-off frequency and a characteristic impedance of 100 Ω. The new balanced feeding network employs 4 symmetrically positioned SMA probes was then designed. The length and aperture size of the quad-ridged horn antenna was designed based on the conventional approach described in the literature [7]. Next the stepped ramp geometry was introduced to increase the gap width between ridges. The cross filler conductor is inserted into the gap and it employs an optimized exponential curve.

A. Balanced Feed Network Analysis
The balanced feed network of the antenna can be divided into two independent three-port networks. Each three-port network provides a line polarization excitation. The equivalent circuit for the three-port network is given in Fig. 7. The short point represents the connection point between the plug-terminal probe and socket-terminal probe. The whole equivalent circuit is symmetrical about the horizontal midline. The inner conductors of coaxial cable 1 and coaxial cable 2 are connected together at the short point. The outer conductors of coaxial cable 1 and cable 2 are connected to the upper and lower parts of the quad ridged transmission line, respectively.




Fig. 7.  The equivalent circuit of the novel feeding network.

It can be observed from Fig. 7, that the current on transmission line 3 is equal to the current on transmission lines 1 and 2, while the voltage on transmission line 3 is twice that of the voltages on transmission lines 1 and 2.
The characteristic impedance of transmission line 3 is therefore twice that of transmission lines 1 and 2 when signals of the same amplitude but inverse phase are provided from ports 1 and 2 simultaneously, as follows:
 		           (3)
The outer conductor connecting the four ridges can be ignored in the small area near the feeding point, as shown in Fig. 8 (a). The local characteristic impedance can still guide the quad ridged waveguide design.
A full-wave model for the quad ridged transmission line was constructed in CST, as shown in Fig. 8 (b). The model excludes the outer circular metal waveguide and two coaxial cables. Port 1 and port 2 both have characteristic impedances of 50 . According to equation (3), the characteristic impedance of port 3 is 100 . The value of this characteristic impedance is related to the gap between two ridges (g). A parametric study was performed in CST to determine the relationship between the impedance of the quad ridged transmission line and the value of the gap (g). 
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(a)                       (b)
Fig. 8.  The model of the three ports network. (a) structure modal, (b) CST simulation diagram.

A significant advantage of the new design, when compared with the conventional feeding method, is the relative insensitivity of the VSWR to manufacturing errors [12], as shown in Fig. 9. The cross filler conductor was included in these simulations. We observed that a 20% variation in g has minimal effect on the VSWR. This suggests that the balanced feed is insensitive to variations in the gap size. Another noticeable feature of the balanced feeding approach, proposed here, is that the optimal value of g is larger than that associated with the conventional feeding case.

[image: ]

Fig. 9.  The variation of VSWR with respect to changes in the dimensions of the of ridge gap. The cross filler conductor was included in these simulations.

B. Radiation Pattern Control
The cross polarization of the proposed antenna is suppressed by the use of a filler conductor, as explained earlier. The improvement is more notable at higher frequencies. This work analyzes the cross-polar level from the perspective of the antenna aperture field distributions [22]. The total electric field distributions on the aperture can be expressed as a vector comprising one component perpendicular to the main polarization and another component parallel to the main polarization. The relationship between these two components is given in (4).
                         	 (4)
where  is the parallel component,  is the vertical component, and  is the total electric field. The cross-polar component of the far-field is mainly caused by the  component. The dominant mode of the conventional QRH has a remarkable curved electrical field distribution as shown in Fig. 10(a), which is the primary factor leading to the high  level.
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(a)                             (b)
Fig. 10.  The electric field distribution of the quad-ridged horn. (a) without cross filler conductor. (b) with the cross filler conductor.

By adjusting the dimensions of the filler conductor, the component is suppressed, as shown in Fig. 10(b). The widest value of this conductor is Wcon = 31 mm. A lower cross-polar level is obtained due to a reduction in the value of the  component. It is worth noting that the filler conductor is thinner than the ridges in order to obtain good return loss. The final thickness value is set to tcon = 2 mm. The parameter dac significantly effects the return loss and the cross-polar level.
In the proposed QRH, incorporating a filler conductor, the first four modes having relatively low cut-off frequencies: TE11, TE21L, TE21U, and TE01 are evolutions of the modes in conventional circular quadruple-ridged waveguide [23]. The electric field distribution associated with the TE11 mode demonstrates the concept and is shown in Fig. 10. The cross polar component within the radiation pattern is low because it decreases in proportion with the value of thecomponent within the TE11 mode electric field distribution.
Fig. 11 plots the cut-off frequencies of these modes as a function of position along the length of the QRH. It can be observed that the separation between the cut-off frequencies of the TE11 and TE21L modes vary with position along the length of the QRH. In the vicinity of the feed point, the cut-off frequencies are closely together. Their separation is relatively large in the vicinity of the open aperture of the QRH. The use of the balanced feed geometry suppresses the TE21U and TE01 modes effectively. The cut-off frequencies of TE11 and TE21L modes are reduced by employing the filler conductor.
The small gap between the cross-shaped filler, ridges and foam dielectric has the effect of reducing the power handling capability of the horn. The estimate power handling capability is around 1.8 kW. The number was computed based on the simulated transverse electric and magnetic field distributions.
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Fig. 11.  The cut-off frequency of four modes in the horn versus the horn length. (The length of QRH and the cross filler conductor, the size of the aperture is same as aforementioned design.)

IV.  Simulation and Measured results 
Fig. 12 shows the simulated and measured reflection coefficients as well as the isolation with respect to one of the polarized ports. The response with respect to the other polarized ports is very similar. It can be observed that the reflection coefficient curve remains below -10 dB irrespective of whether the filler conductor is employed. Furthermore, the isolation, between the two orthogonally polarized ports, is greater than 42 dB over the entire operating frequency band. The measurement results prove that the overall design is correct. The filler conductor does not significantly affect the matching performance of the QRH.
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1.                             (b)
Fig. 12 The measured and simulated return loss and isolation of the QRH. (a) The case of no cross filler conductor, (b) the case of loading the conductor.

[bookmark: _GoBack]Fig. 13 plots the variation of the phase center variation over the frequency band. The horn aperture is located at 220 mm along the parameter L from bottom to top direction, as shown in Fig. 4.
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Fig. 13 The antenna phase center of E-plane and H-plane.

Both co- and cross-polar radiation patterns of the antenna are measured in three planes (E-, H- and D-plane), using a Spherical Near-Field Antenna Measurement System, SATIMO Sg24. The normalized measured results are plotted in 3 degree steps. Figs. 14 and 15 show the results obtained both without and with the filler conductor, respectively. The simulation and measurement results agree well.
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     (c)
Fig. 14.  Simulated and measured radiation patterns of the QRH without the filler conductor. (a) Co-pol E-plane and (b) Co-pol H-plane (c) Cross-pol D-plane (φ = 45°).
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Fig. 15.  Simulated and measured radiation patterns of the QRH with the filler conductor. (a) Co-pol E-plane and (b) Co-pol H-plane (c) Cross-pol D-plane (φ = 45°).

Thanks to the balanced feed network, the QRH without filler conductor has lower than -15 dB cross-polarization within a 15° solid angle range as shown in Fig. 14(c). The cross-polarization is suppressed by a further 7 dB by the introduction of the filler conductor. This also has the effect of reducing the sidelobe level by 5 dB compared with the case where it is absent. The measured results agree reasonably well with those obtained through simulation in CST.

V.  Conclusion
A QRH antenna loaded with a fusiform-shaped cross filler conductor is proposed which achieves 3:1 frequency bandwidth. The cross filler conductor significantly suppresses the cross polarization component of electric field. Low cross-polarization is achieved, as a result. The modes of the cross filler loaded waveguide are analyzed which helps to understand the performance of the proposed antenna. The balanced feed network is employed to excite the main mode stable which improves the polarization purity and ports isolation. The cross-polarization within a 30-degree solid angle is less than -23 dB from 2 to 6 GHz.
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