5G mmWave Low-profile 2 × 2 Planar Array of Tightly Coupled Dipole Subarray Covering FR2
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Abstract— This paper presents a 5G millimeter wave (mmwave) low-profile 2 × 2 planar tightly coupled dipole subarray (TCDS) covering the bandwidth of 24.25 – 40 GHz which is the frequency range 2 (FR2) designated by 3rd Generation Partnership Project (3GPP). The element antenna of 2 × 2 array is a subarray consisting of 4 × 4 Tightly Coupled Dipole Array (TCDA) unit elements. Total thickness of the proposed antenna is 0.9 mm (0.07 λlow at 24.25 GHz), and the maximum realized gain is 8.3 dBi at the frequency and 12.4 dBi at 40 GHz. This realized gains satisfy the specification of the peak effective isotropic radiated power (EIRP) at 24.25 GHz, 30 GHz, 37 GHz and 40 GHz which are 23.3 dBm, 24.3 dBm, 26.6 dBm and 27.4 dBm, respectively, with transmitter power of 8.1 dBm per a channel. In addition, the cumulative distribution function (CDF) of the EIRP to evaluate the spherical coverage is presented.
Index Terms—5G, mmwave, low-profile, TCDA, TCDS.
I.  Introduction
At sub-6 GHz frequencies, 5G mobile service has already been launched in several countries and provides for high data rate. However, ever-growing need for high-bandwidth communications has led to the mmwave spectrum. It accompanies some challenges: First, due to the free-space path loss at mmwave spectrum is significant. Thus, array structure should be employed to increase the gain and beam coverage. Second, wide bandwidth is required to cover the separated bands in the FR2 range (24.25 – 40 GHz) at the same time. There are four frequency bands in FR2 which are 3GPP 5G specification (Release 15) [1] and differently allocated in various countries. For instance, frequencies from 24.25 GHz to 28.35 GHz (n258, n261) are allocated in US and frequencies from 26.5 GHz to 29.5 GHz (n257) are allocated in Korea. In several other countries, frequencies from 37 GHz to 40 GHz (n260) are allocated.
A TCDA is one of the suitable candidates to deal with the challenges mentioned above. The TCDA is a dense array of dipoles that overlap each other to imitate a uniform current sheet array (CSA) for wide bandwidth [2, 3]. It results in wideband and low-profile array antennas [4]-[7]. In addition, owing to the CSA characteristic, aperture efficiency of the array is almost 100% and the array gain can be maximized for a given aperture size. In fact, almost of TCDAs are designed as vertical structure to the horizontal ground plane. This configuration has significant disadvantage considering the fabrication. In recent, planar ultra-wideband TCDAs for mmwave have been proposed [8, 9]. In the work of [8], the operating bandwidth for VSWR < 3 is 22 – 80 GHz and the thickness is 0.1 λlow at 22 GHz. In the work of [9], the operating bandwidth for VSWR < 2.2 is 24 – 72 GHz and the thickness is 0.13 λlow at 24 GHz. However, there is a fundamental but important problem that conventional TCDAs have: a lot of antenna elements (an element size ≈ 0.1 λcenter at the center frequency) and phase shifters are required to realize the CSA by dense array. On the other hand, if a TCDA is designed by fewer number of elements (e.g. smaller size than 4 × 4 array), it is hard to match the antenna input impedance especially at low frequency band [9].
In this paper, 2 × 2 planar array of TCDS is proposed. It is optimized for targeting the FR2 band and very low-profile with thickness of 0.07 λlow above the ground plane. Although the number of phase shifters is small (4), the number of TCDA unit elements is very large (64). That is, 8 × 8 TCDA unit elements are designed and grouped as a subarray consisting of 4 × 4 unit elements by the power combiner. This results in substantial advantage: the benefits of TCDA (low-profile, wideband, high aperture efficiency and wide beam scanning) are achieved with small number of phase [image: image2.png]Discrete port
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shifters with a little degradation of the beam scanning performance.
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II. Design and Demonstration of Proposed Array Antenna
A. Design of the TCDA unit element
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Fig. 1 shows the proposed TCDA unit element structure. The H-wall was introduced as in the work [9]. It brings several advantages: First, it pushes the frequency of common mode generation out of the claimed bandwidth. Second, it increases the capacitive coupling between the dipoles and helps impedance matching which is confirmed in Fig. 2. The feeding line is composed of twin wires with Z0= 200 Ω and goes through the ground plane. The frequency selective surface (FSS) is employed to further increase the capacitance which is shunt to the dipoles. It works differently from the series capacitance of the H-wall. These complements of capacitances are necessary to realize the very low-profile TCDA. As a result, the bandwidth of 24.5 – 40 GHz is obtained as shown in Fig. 2.
B. Design of the power combiner and TCDS
Average input impedance of the conventional TCDA is about 200 Ω [10] which has to be reduced to 50 Ω to match with SMA connectors. In Fig. 3(a), four 200 Ω lines are jointed in parallel by the T-junction and result in 50 Ω. To increase the aperture size for high gain, 2 × 2 “A” are jointed in parallel by the T-junction as shown in Fig. 3(b). Before jointed each other, each “A” are transformed to 100 Ω by quarterwave transformers with 70.71 Ω and length of λc/4 at 32 GHz, respectively. And it becomes 25 Ω after jointing four lines. In final step, it should be transformed to 50 Ω by quarterwave transformer with 35 Ω, again. Before designing this power combiner by the computer simulation tool (CST), we checked the operating bandwidth of it by using the advanced design system (ADS) simulation tool. Fig. 4 shows the schematic and the S-parameters. From this [image: image7.png]100 Q
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S-parameters, there is no problem to introduce the proposed power combiner into the array at our target band of FR2. Fig. 3(c) shows the front view of the overall structure. Dimensions of it including the extended ground plane are 10.8 × 10.8 × 0.9 mm3 (0.873 × 0.873 × 0.07 λlow3 at 24.25 GHz).
C. Demonstration of the proposed array antenna

Fig. 5 shows the active reflection coefficient when scanning the beam up to 30⁰ on the E- and H-planes. At broadside direction, the impedance matching bandwidth under -10 dB covers the whole band of FR2. But, the matching properties are degraded when scanning the beam. The fact that the T-junction combiner is employed instead of Wilkinson power combiner degrades the impedance matching property as scanning the beam due to the rejection of odd mode signals [11, 12]. In addition, it is disadvantage to use the subarray (4 × 4 TCDA unit elements) with respect to the impedance matching property when scanning the beam although the size of the one subarray is 0.47 λc at 32 GHz [13].
Fig. 6 shows the realized gain of the proposed array antenna. Theoretical limits of gains (= 4πB/λ2, 4πC/λ2) are plotted by dashed line where “B” and “C” are the areas denoted in Fig. 6. “C” – “B” area is extended ground plane and λ is operating wavelength. Cross-polarization (XPol) level is much lower than co-polarization (CoPol) level. Also, owing to the high aperture efficiency, the realized gain of CoPol is almost same with the theoretical limit of the gain of “B” which is 7.87 – 12.36 dBi.
Fig. 7 shows the radiation 3D beam patterns at 24.25 GHz, 30 GHz, 37 GHz and 40 GHz. Over the wideband, the radiation beam patterns are very stable.
Fig. 8 shows the scan patterns and CDF of the EIRP at 24.25 GHz, 30 GHz, 37 GHz and 40 GHz. There are four power classes defined in the 3GPP specification; the mobile handset type user equipment (UE) is categorized as power class 3 (PC 3). For PC3, the peak EIRP (CDF = 100%) must attain 22.4 dBm at frequency bands below 30 GHz (n257, n258, and n261) and 20.6 dBm in the frequency band above 37 GHz (n260). At CDF= 50%, the minimum EIRP that a mobile handset type UE must attain 11.5 dBm and 8 dBm for frequency bands below 30 GHz and above 37 GHz, respectively. The CDFs of the proposed array antenna within the FR2 band are satisfied only with 9 dBm per a channel which is sufficient power provided from the radio-frequency integrated circuit (RFIC). Provided 9 dBm per a channel, the peak EIRPs at 24.25 GHz, 30 GHz, 37 GHz and 40 GHz are 23.3 dBm, 24.3 dBm, 26.6 dBm and 27.4 dBm, respectively. And minimum EIRPs at 24.25 GHz, 30 GHz, 37 GHz and 40 GHz are 16.7 dBm, 16.6 dBm, 16.9 dBm and 15.2 dBm, respectively.
III. Conclusion

5G mmwave low-profile 2 × 2 planar array of TCDS covering FR2 is successfully designed. Introducing the H-wall and FSS, very low-profile antenna is obtained. To reduce the phase shifters and have large aperture size with characteristics of a TCDA at the same time, the T-junction combiners and quarterwave transformers are introduced which result in preserved bandwidth of TCDA unit element and high aperture efficiency with low-profile characteristic. Finally, the radiation beam patterns are very stable within the FR2 band and the specification of the CDF of EIRP is satisfied at whole band of FR2.
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Fig. 1. Proposed TCDA unit element structure. Periodic boundary condition is applied on the x- and y- direction. (a) w/o H-wall, w/o FSS. (b) w/ H-wall, w/o FSS. (c) w/ H-wall, w/ FSS. (d) Bakcside of the structure. Impedance of the discrete port (red arrow) is 200 Ω. Relative dielectric constants corresponding the the H1 and H2 are 2.4 and 3.5, respectively. And loss tangent of these are 0.0012 and 0.004, respectively. W= 1.1 mm, H1= 0.9 mm and H2= 0.1 mm.
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                                                        (b)


Fig. 5. Active reflection coefficient when scanning up to 30⁰ on the (a) E-plane and (b) H-plane.
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Fig. 4. (a) Proposed 1 × 4 power combiner is shown by ADS simulation tool. Transmission lines (TL) 2 – 6 are qurterwave transformers and port 2 – 5 are terminals of the “A”. (b) S-parameters feeding on the port 1 are shown.
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Fig. 2. S-parameters of the proposed unit element with several cases.
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(a)                                       (b)                                     (c)


Fig. 3. (a) 2 × 2 TCDA unit elements are grouped into “A”. Each line impedances of elements are parallelly jointed and the final impedance becomes 50 Ω. (b) 2 × 2 “A” are grouped into one TCDS where  four “A” are jointed in parallel employing the quarterwave transformers to preserve 50 Ω. (c) Front view of the propsoed 2 × 2 array of TCDS. Edge arms of the array are extended by 1 mm, respectively.
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Fig. 6. Realized gain of the proposed array antenna.
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Fig. 7. Radiation 3D beam patterns of the proposed array at (a) 24.25 GHz, (b) 30 GHz, (c) 37 GHz and (d) 40 GHz.
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Fig. 8. Scan patterns and CDF of the EIRP at (a) 24.25 GHz, (b) 30 GHz, (c) 37 GHz and (d) 40 GHz.
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