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Abstract— In this paper, an equivalent circuit model of an unbalanced fed tightly coupled dipole array (TCDA) is proposed. Unbalanced excitation can be decomposed by even and odd modes excitation. Antenna input impedances of each mode are expressed and their relation to that of unbalanced mode is determined. Herein, determining an even mode circuit is focused on to construct an equivalent circuit of unbalanced mode. Additionally, the unbalanced fed TCDA with shorting vias is proposed, and its bandwidth is compared with that of the balanced fed TCDA.
Index Terms—equivalent circuit, unbalanced feeding, TCDA, even mode, odd mode.
I.  Introduction
Wideband phased-array antennas are essential for high-resolution radar and high-data rate communication systems. A tapered slot array (TSA) or Vivaldi array antennas are well-known, extremely wideband array antennas [1] – [4]. However, its height aims at supporting propagating waves. To reduce the height and have wideband characteristic, TCDAs have attracted more attentions [5] – [8]. Unfortunately, there is another critical issue to excite TCDAs. For odd mode or differential excitation, feeding network of the TCDA should include baluns or 180° hybrids which can sustain similar wide bandwidths. Additionally, conventional wideband baluns are not suitable for lightweight or low-profile implementation, although they inevitably occupy large volumes [9]. Previous attempts to use the space under the ground plane or vertical feed lines have yielded to wideband and economical baluns [10] – [12].
Despite significant efforts to realize wideband baluns, it is still cumbersome to be implemented and occupy large volume. Research studies to design unbalanced fed TCDAs with shorting pins or artificial metallic walls have been conducted [8], [13] – [15]. It is easier to design unbalanced fed TCDAs than balanced fed (odd mode excitation) TCDAs. Fundamentally, the excitation is composed of even and odd modes. For unbalanced feeding, both modes are excited simultaneously. Moreover, unbalanced fed large two-dimensional (2-D) array can support dominant common mode (even mode) generation at specific frequency [13]. Because the common mode current of large 2-D array cannot generate radiation, the antenna input impedance becomes extreme value at that frequency. The shorting pins or artificial metallic walls can suppress or push the common mode frequency out of the interested band.
Since the first TCDA concept was presented, the equivalent circuit model has been utilized to elucidate the operation principle and design optimization. The first generation of the model is simple and only considers the series capacitance and inductance, which is valid over a frequency band, where dipoles may be considered as Hertzain (i.e., dipole length « λ), therefore it does not consider the geometric shape of the radiating elements [5], [6]. The second generation of the model considers the geometric shape and it is valid over a wideband [16]. Unfortunately, this model is only valid for balanced fed TCDAs. Particularly, it is valid for TCDAs with wideband [image: image17.png]Imag(Z;,) (Ohm)
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baluns or ideal discrete ports. In this study, we proposed new equivalent circuit of an unbalanced fed TCDAs which is simultaneously excited by even and odd modes and it is more general for practical applications.
II. Proposed Equivalent Circuit Model of Unbalanced Fed TCDA
A. Development of equivalent circuit of even mode excited TCDAs
To extract an equivalent circuit of the even mode excited TCDA, equivalent circuit of twin monopoles antenna in array situation is as shown in Fig. 1. In this study, all simulations do not consider any structure loss. Once the twin monopoles are close, they are not significantly different to the single monopole antenna. Contrary to the odd mode excited TCDA, the boundary condition of unit cell is rounded by perfect magnetic conductors (PMCs), owing to the vertical current on the monopoles. Therefore, the twin monopoles antenna cannot produce radiation, and the antenna input impedance is purely imaginary. Only a self-capacitance of the monopoles and lateral transmission line terminated by PMC walls contribute to the equivalent circuit. The self-capacitance can be calculated by its dipole [17] as follow:
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where ε0 is permittivity of free space and a is the radius of the monopole. Factor of two is because the self-capacitance of the monopole is twice than that of the dipole. Vouvakis’s group reported that common mode generation frequency of the unbalanced fed TCDA is relevant to the distance between the diagonally placed monopoles [13] and nearest monopoles [18]. Therefore, the relation appears to be unclear. In this study, we found that the frequency was relevant to the unit cell size and the physical length of the monopole l (θ is electrical length). The lengths of transmission lines with characteristic impedance Z0 and the monopole are normalized by unit cell size d. Moreover, varying the 2-D data of l/d and h/d, the relation can be found using the least square method [19] and quadratic function (2) can be determined as follows:
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Minimizing the two norm of AX − B is the same as the closed form of equation (5) given that A is invertible. From equation (5), the variables of a, b, and c are determined to be −0.35, 0.91, and 0.16, respectively. It was confirmed that the simulation result agrees with equation (2) as shown in Fig. 2. Fig. 3(a) shows the proposed TCDA structure excited by even mode. Owing to the substrate, equation (1) should be multiplied by relative permittivity εr1. A is the overlapped area between the dipole arm and the shorting via pad. Fig. 3(c) shows an equivalent circuit of the even mode excited TCDA. L1 and L2 are self-inductances of the dipole arms. L3 is the self-inductance of shorting via. C3 is the parallel plate capacitance with area A. These parameters are determined as follows:
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where ae = 0.25 w is effective radius of the plate of dipole arm [20]. μ0 is the permeability of free space.
Characteristic impedance Z0 is relevant to permittivity εr1, gap s, radius a, and length h. These values can be determined in similar way as in equation (2), as follows:
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All calculated parameters and simulated values by advanced design system (ADS) simulator are presented in Table II. The calculated result agrees with simulated result as shown in Fig. 3(d).
B. Equivalent circuit of unbalanced fed TCDA
Unbalanced fed TCDA is simultaneously excited by even and odd modes. Particularly, it can be decomposed by even and odd modes currents and voltages as shown in Fig. 4(a). The antenna input impedances of each case are calculated as follows:
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where the even and odd modes impedances are defined by input impedance of monopole antenna and differentially fed dipole antenna, respectively. Manipulating equations (11) and (12), the unbalanced fed input impedance can be expressed by even and odd modes input impedances as following:
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As a result, the equivalent circuit of the unbalanced fed TCDA of Fig. 4(b) can be expressed as in Fig. 4(c). The equivalent circuit of odd mode was combined in parallel four times that of even mode. The calculated relation is as shown in Fig. 4(d) where each simulated results of even and odd modes are post-processed by equation (13) and the simulated impedance of unbalanced fed TCDA is shown in (Fig. 4(b)).
Generally, bandwidth of unbalanced fed TCDA without vias is limited by common mode generation (in this case, @ 6 GHz) as shown in Fig. 5. This is because of the shorted circuit of even mode. the zero impedance of even mode results in total reflection at the port of the unbalanced fed TCDA, because the even and odd modes are combined in parallel. Nevertheless, the bandwidth of unbalanced fed TCDA with vias is wider than that of balanced fed TCDA. It is 2.11 – 9.26 GHz (4.39:1) and the height (= h + H) is 0.09 λlow at the lowest operating frequency. Without the vias, the equivalent circuit of even mode is modified as that without the L3 and C3. Therefore, the transmission line with length l and L2 determines the frequency of zero impedance. However, with vias, L3 and C3 can push the frequency out of the interested band.
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Conclusion

Contrary to general perception that balanced feeding with wideband baluns is necessary, unbalanced feeding with vias is considered as the general feeding method. It is easier to implement, and its bandwidth is wider in this case. Moreover, the equivalent circuit of the odd mode is combined in parallel four times of that of even mode. Finally, it is concluded that the even mode excitation contributes parallel capacitance to the odd mode operation as shown in Fig. 3(d) and Fig. 5. Therefore, there is degree of freedom to manipulate the bandwidth of unbalanced fed TCDA by properly controlling the even mode operation.
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Fig. 1. (a) Infinite 2-D periodic twin monopoles antenna with unit cell size d. Red cones are discrete ports and placed at the small gap between the monopoles and ground plane. (b) Equivalent circuit of the twin monopoles antenna. (c) Imaginary part of the antenna input impedance of the full wave simulation result and equivalent circuit.





Table II


Values of Circuit parameters


�
Calculation�
ADS�
�
C1�
0.24 pF�
0.21 pF�
�
C3�
1.44 pF�
1.12 pF�
�
L1�
0.7 nH�
0.78 nH�
�
L2�
0.7 nH�
0.74 nH�
�
L3�
2.24 nH�
2.1 nH�
�
l�
6.26 mm�
6.23 mm�
�
θλ0�
58.3 mm�
59.2 mm�
�
Z0�
93 Ω�
90.6 Ω�
�






Table I


Dimensions of the Proposed PC (in Millimeters)


a�
b�
d�
g�
h�
s�
�
0.2 mm�
0.5 mm�
10 mm�
0.2 mm�
7 mm�
0.2 mm�
�
w�
ld�
A�
H�
�
�
�
2 mm�
4.75 mm�
3.7 mm2�
6 mm�
�
�
�
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Fig. 2. Comparison with the full wave simulation result and formula.
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Fig. 3. Even mode excited TCDA unit cell with shorting vias radius b. (a) Front and (b) top view of the unit cell. Superstrate and substrate are Rogers RO3003 (εr2 = 3) and Rogers RT5880 (εr1 = 2.2), respectively. All dimensions are shown in Table I. (c) Equivalent circuit of the even mode excited TCDA. (d) Imaginary part of the antenna input impedance of the full wave simulation result and equivalent circuit. Frequency range is shown under the frequency the electrical length of h is half wavelength which is the limited frequency to the odd mode operation.
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Fig. 4. (a) Even and odd modes decomposition of the unbalanced fed TCDA. Dashed line means virtual short line. (b) Proposed unbalanced fed TCDA unit cell. Left feeding wire is excited by discrete port and the other is grounded. (c) Equivalent circuit of the unbalanced fed TCDA. (d) Comparison of antenna input impedances: parallel combination of the simulated even and odd modes excited TCDA vs simulated results of unbalanced fed TCDA.
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Fig. 5. Reflection coefficients of three cases: balanced fed TCDA, unbalanced fed TCDA without and with shorting vias, and the imaginary part of the antenna input impedance of even mode excited TCDA (Fig. 3(a)) without vias. For the case of balanced fed TCDA, the reflection coefficient does not depend on the shorting vias.
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