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Cost-Effective Compact Dual-Band Patch Antenna Based on Ball
Grid Array Packaging for 5G mmWave

Xiubo Liu', Wei Zhang!, Dongning Hao!, and Yanyan Liu? *

Abstract—In this letter, a compact dual-band patch antenna based on ball grid array (BGA) packaging
for 5G mmWayve is proposed. The patch antenna adopts a U-slot and a shorting pin to achieve dual-
band operation of 28 GHz and 37 GHz. A single-layer FR4 substrate provides cost-effective features for
the massive application. The BGA packaging not only reduces the size but also enables the antenna to
be surface-mounted with other components in the same package, which improves the integration. The
antenna has been fabricated and measured, and an acceptable agreement was obtained between the
simulation and measurement results.

1. INTRODUCTION

The fifth generation (5G) millimeter-wave frequency band includes massive bandwidth and provides
high-rate coverage to overcome the challenge of mobile data growth. Due to the strong path loss and the
high absorption of atmospheric and rain in the millimeter-wave, the density of the 5G millimeter-wave
wireless system is higher than that of the previous four generations [1,2]. Therefore, low-cost antennas
are more attractive for 5G millimeter-wave applications. On the other hand, it is a great challenge to
face the strong path loss, atmospheric and rain absorption in the millimeter-wave spectrum. However,
for small distance cellular propagation (less than 1km), atmospheric absorption and rain attenuation
show minimal effect on 28 GHz to 38 GHz. When the rain rate is 1inch/hr, the attenuation is about
7dB/km [2,3]. Therefore, the 28 GHz and 38 GHz frequency bands are good candidate frequency
bands for 5G millimeter waves. The dual-frequency antenna can work in two different frequency
bands, with a small size and easy integration. Several studies on dual-band antennas at 28 GHz and
38 GHz have been carried out, such as dual-band arrays based on coupled quarter-mode substrate-
integrated waveguide [4], patch antenna with pairs of shorting pins and H-shaped slot in [5], and planar
omnidirectional antenna [6].

Microstrip patch antennas have become a commonly used antenna in wireless systems due to their
advantages of low cost, simple structure, and easy fabrication [7-12]. To reduce the antenna size,
the shorting pin is added to obtain a compact size [8,9]. To overcome the shortcomings of narrow
bandwidth, a U-slot is used to improve the bandwidth of the patch antenna [7,8]. However, one of
the main challenges of the above-mentioned antennas is the interconnection between the antenna and
the RF front-end chipset. Interconnection requires a coaxial connector for connection, but coaxial
connectors have high insertion loss and are difficult to integrate. Antenna-in-Package (AiP) technology
based on BGA packaging has the advantage of easy integration and low-loss interconnection [13-15]. It
can replace high insertion loss connectors for better performance.

Inspired by the above results, this letter proposes a dual-band patch antenna based on BGA
packaging for the 5G mmWave applications. Based on our previous research [16], the proposed antenna
achieves compact size by using BGA packaging. The antenna uses a single FR4 substrate, which reduces
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the cost. Moreover, the low-frequency resonant is achieved by the shorting pin based on plated through-
hole (PTH), and the high-frequency resonant is realized by the U-slot coupling. The prototype has been
designed, fabricated, and verified. All simulation results are given by ANSYS electromagnetics.

2. ANTENNA DESIGN

2.1. Antenna Geometry

Figure 1 depicts the geometry of the proposed dual-band antenna. Only one layer of FR4 is used with
a permittivity of 4.4, dielectric loss tangent of 0.02, and thickness of 1.5 mm to obtain the low cost.
Two metal layers are etched on either side of the dielectric layer to serve as the top and bottom layers.
As shown in Figure 1(b), a U-slot is etched on the top metal layer. Besides, a feedline is etched on the
bottom metal layer to form the grounded coplanar waveguide (GCPW) transmission line. There are
two plated through holes inside the substrate. One transmits the radio frequency (RF) signals from the
bottom feedline to the top patch, and the other connects the patch layer to the bottom ground layer.
Then the solder resists layer is coated on the bottom metal layer, and the solder balls are mounted
on the bottom layer of the antenna to complete the BGA packaging. The detailed dimensions of the
proposed antenna element are listed in Table 1. The final size is 5mm X 3mm x 1.7 mm.
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Figure 1. Geometry of the proposed antenna element. (a) Explored view. (b) Top view. (c¢) Bottom
view.

Table 1. Dimensions of the proposed antenna element (Units: mm).

Parameters | Values | Parameters | Values

L1 ) w1 3
L2 2 W2 0.7
L3 2.2 W3 0.8

L4 1.3 w4 0.2
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2.2. Simulated Results

The simulated reflection coefficient, peak gain, and efficiency are shown in Figure 2, respectively. The
simulated impedance bandwidth of |S11| < —10dB ranges from 27.9 to 28.9 GHz and 36.3 to 37.9 GHz.
In the low-frequency band, the simulated gain is above 3.18 dBi, and the peak gain at 27.5 GHz is
3.71dBi. The simulated efficiency is 71.6%-80.7%. In the high-frequency band, the simulated gain is
4.56-4.96 dBi, and the efficiency is 74.6%-76.4%. Figure 3 shows the simulated E-plane (XOZ) and H-
plane (YOZ) normalized radiation patterns at 28.5 GHz, and 37 GHz, respectively. It can be observed
that the cross-polarization levels of the main beam at 28.5 GHz and 37 GHz are lower than 35dB and
33.8 dB, respectively.
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Figure 2. (a) Simulated reflection coefficient of the proposed antenna. (b) Simulated gain and efficiency
of the proposed antenna.
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Figure 3. Simulated E-plane and H-plane normalized radiation patterns at 28.5 GHz, and 37 GHz.

2.3. Parametric Analysis

Figure 4 shows the surface current distribution of the proposed antenna element at a low frequency
of 28.5 GHz and a high frequency of 37 GHz, respectively. At 28 GHz, the surface current is mainly
concentrated around the shorting pin. In addition, part of the current is distributed in the opposite
direction along the edge of the patch. At 36 GHz, the surface current is mainly distributed around the
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Figure 4. Surface current distribution of the proposed antenna element. (a) 28.5 GHz. (b) 37 GHz.

U-slot, and the current distribution along the edge is relatively small. It can be seen that the shorting
pin with inductive load has a greater effect on the low-frequency band, while the U-slot has a greater
effect on the high-frequency band.

Within the millimeter-wave frequency band, the manufacturing tolerance has a great influence on
the antenna performance. As shown in Figure 5, W4 and L1 were analyzed. The scan value of W4 is in
the range of 0.1-0.4 mm, and L1 is in the range of 5-5.4 mm. When one of the parameters is simulated,
the others remain at their optimal values. It can be seen that the low-frequency reflection coefficient will
be affected when W4 decreases, while the high-frequency reflection coefficient will be affected when W4
increases. In addition, as L1 increases, the band will move to a lower frequency. To maintain balance,
W4 is set to 0.2mm, and L1 is set to 5 mm.
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Figure 5. Simulated |S;1| of the antenna element with different parameters. (a) W4. (b) L1.
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3. MEASUREMENT RESULTS AND DISCUSSION

As shown in Figure 6, a prototype was made to verify the performance. The prototype is fed by the
evaluation board made on Rogers 4350B with a thickness of 0.254 mm. A 2.92 mm connector is mounted
on the edge of the evaluation board and connects to Rohde & Schwarz’s vector network analyzer (ZVA40)
for the reflection coefficient measurement. Radiation patterns are measured in an anechoic chamber.

Antenna element

2,92 mm connector

Figure 6. Photograph of the dual band antenna prototype. (a) Antenna element. (b) Assembly
prototype.

The measured reflection coefficients and gain are shown in Figure 7(a) and Figure 7(b), respectively.
The reflection coefficient of the |S;;| < —10dB covers 26.8-27.5 GHz, and 35.1-36.4 GHz. The measured
prototype has a peak gain of 5.49 dBi at 27 GHz and 4.26 dBi at 36 GHz. Figure 8 shows the measured FE-
plane (XOZ) and H-plane (YOZ) normalized radiation patterns at 27 GHz and 36 GHz, respectively.

Compared with the simulation results, it can be seen that the resonance point has shifted to low
frequency.
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Figure 7. (a) Measured reflection coefficient. (b) Measured peak gain.
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Figure 8. Measured E-plane and H-plane normalized radiation patterns at 27 GHz, and 36 GHz.

In addition, as shown in Figure 8, the E-plane cross-polarization levels of the main beam measured
at 28.5 GHz and 37 GHz are lower than 23.6 dB and 10.9dB, respectively. Compared to the simulation
result, the measurement result has deteriorated. The cross-polarization level of the H-plane is greater
than the co-polarization, especially at 36 GHz. Based on the above parameter analysis, this difference
is mainly caused by manufacturing tolerances. Due to the difficulty of PCB small size processing, L1 is
larger than the design value, resulting in frequency deviation. On the other hand, the dielectric loss of
the substrate is small compared with the design value, which leads to a little large antenna gain.

Table 2 shows the comparison between the proposed antenna and the reporting antenna. It can
be seen that the proposed antenna is fabricated on a low-cost FR4 substrate, which has the advantage
of cost-effectiveness. Secondly, the interconnection between the antenna and the RF chipset in [4-6]
must use a bulky and lossy connector, which is difficult to integrate. The proposed antenna is based on
the BGA packaging and has a compact size. Most importantly, the BGA package allows the proposed
antenna to be easily integrated with the RF chipset without the need for any bulky connectors.

Table 2. Comparisons between the proposed and reported antennas.

No. of Spectrum (GHz) FBW (%) Element size .
Ref. - - 3 Material
elements | Low band | High band |Low band|High band (mm>)
4] 1x4 |275-29.5 | 37-38.6 7 4.2 4.48 x 3.79 x 0.526| Duroid 5880
[5] 1x1 27.7-28.7 | 36.8-40.2 3.5 8.8 25 x 15 Taconic TLY-5
6] 1x1 [26.65-29.2|36.95-39.05 9.13 5.52 14 x 12 x 0.38  |RT/Duroid 5880
sy 1 268275 | 35.0-364 | 2.6 3.6 5x3x 17 FR4
work

4. CONCLUSIONS

A cost-effective dual-band antenna for 28 and 37 GHz based on BGA packaging has been proposed. The
antenna prototype has been simulated, manufactured, and verified. To achieve a cost-effective feature,
FRA4 is used as the antenna substrate. In addition, the BGA packaging makes the proposed antenna
compact in size and easy to integrate. For measurement purposes, the evaluation board is made on
RO4350B to verify the antenna performance. The low-frequency band is achieved by the shorting pin
with inductive loads. The high-frequency band is realized by U-slot coupling. The measurement results
confirm that —10dB bandwidth of the low-frequency band is 3.8% and 9.0% at the high-frequency
band. An acceptable agreement was obtained between simulation and measurement results. The cost-
effective characteristics and compact size make the proposed antenna one of the candidates for 5G
millimeter-wave applications.
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