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Introduction
In RAN#95e meeting, a new study item [1] on enhancement for 700/800/900MHz band combinations was established. Because of the outstanding coverage performance, Sub-1GHz bands play the important role in wireless communication for rural, sub-urban and part of indoor deep coverage scenarios. However, sub-1GHz spectrum is rare and the spectrum allocation is fragmental. Considering a small portion allocated on each sub-1GHz band, it’s very difficult for operators to meet the NR wideband service requirements in rural, sub-urban and part of indoor deep coverage scenarios by using single sub-1GHz band. One straightforward approach is to deploy CA or DC in two or three low bands, but the key point is to enable smartphones to support low bands CA and DC and extend the industry. That’s why it’s meaningful to study this item for sub-1GHz band combinations in 3GPP level.
In the study item, the following aspects need to be studied.
· UE architecture including n-plexing, PA
· Study feasibility of low band wideband antenna
· Performance due to impacts including inter-modulation products
· Method to manage the inter-modulation product impacts

In this paper, we’d like to discuss the feasibility of low band wideband antenna and share some research results in resource database.
Background on smartphone antenna
For internal antenna of a smartphone, the main types of modern mobile antenna include the monopole antenna, the loop antenna and the slot antenna. Most of the mobile antennas are variants or derivatives of them. The monopole antenna is derived from the dipole antenna which commonly consists of two identical conductive elements as shown below.
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Figure 1 the dipole antenna
When one of the conductive elements is replaced by metal ground plane, the monopole antenna can be achieved as below. Since the monopole antenna has image through the metal ground plane, the similar omni-directional property can be achieved by a monopole antenna which has smaller size and volume.
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Figure 2 the monopole antenna
In addition, part of monopole can be folded by 90 degrees and the inverted-L antenna can be achieved as below. The antenna consists of a length of horizontal wire which is suspended above the ground and another length of wire that descends from the horizontal wire to the ground.
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Figure 3 the inverted-L antenna
Furthermore, a shorting pin can be added into inverted-L antenna to eliminate the capacitive reactance in order to achieve impedance matching. Then an inverted-F antenna (IFA) can be achieved as below.
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Figure 4 the inverted-F antenna
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Figure 5 Typical layout of a PIFA
In order to improve the radiating performance, the horizontal radiated branch in IFA can be replaced by top radiating plate to be evolved as Planar Inverted-F Antenna (PIFA). The Planar Inverted-F Antenna (PIFA) can be observed as evolved from two well-known antennas, namely quarter-wavelength monopole and rectangular micro strip patch antenna. The basic PIFA (a “grounded” patch antenna - λ/4 patch length instead of the conventional λ/2) consists of a ground plane, a top radiating plate, a feed wire feeding the resonating top plate, and a DC-shorting plate that is connecting the ground and the top plate at one end of the resonating patch. Typical layout of a PIFA is shown in Figure 5.
Besides, Loop antenna and slot antenna were often implemented into the smartphone. There are many different kinds of smartphone antennas. Currently, smartphone antenna can support multi-band multi-mode. And the size of antenna become smaller under the condition that performance was not degraded. The design for compact smartphone antenna become popular. The design of smartphone antenna made a good progress and rapid development in last decade.
Discussion on metric for smartphone antenna
When we discuss the metric for smartphone antenna, peak antenna gain and radiation efficiency are two important metric for smartphone antenna. Referring to the paper [2], most research results can meet 40% radiation efficiency in low band frequency range. Generally, RAN4 assume 0dBi antenna gain for UE, so 0dBi antenna gain can be considered.
As we know, wide bandwidth antenna in sub-1GHz should be designed to meet the carrier aggregation demands. Thus, the working bandwidth is very important. After going through some papers in IEEE, -6dB impedance bandwidth is considered as wording bandwidth for smartphone. In other words, when  (VSWR<3:1), the working frequency range for smartphone antenna can cover 703~960MHz low band frequency range and the corresponding requirements should be achieved.
With the rapid development of mobile phone, the space for antenna become smaller. There is a strong demand to develop a compact antenna for mobile phone, but the performance can’t be degraded. In addition, as the screen size becomes larger and larger, UE vendors may try to design smartphone antenna under the small ground clearance condition. In the real implementation, engineers should trade-off the requirements to balance all the factors
Observation 1: it’s very important to consider the following metrics -6dB impedance bandwidth, antenna gain, radiation efficiency and ground clearance for smartphone antenna.
Discussion on research results for low band wideband antenna
In this section, we’d like to introduce some research results for low band wideband antenna. Current studies show the feasibility of low band wideband antenna.
In paper [3] “Octaband Internal Antenna for 4G Mobile Handset” which was published in 2011, A compact internal antenna that is composed of a coupled loop with two branch lines is presented. The proposed antenna operates at two wide frequency bands (698~960 MHz/1710~2690 MHz) to cover octabands. The measured peak gains of the low band are 1.1~2.2 dBi and the measured radiation efficiencies of the low band are 55.3%~71.3 % as shown below. The reflection coefficient is lower than -6dB as below. This octaband internal antenna is designed and fabricated in a volume with  for small mobile handset applications. It’s approved that the single antenna element can cover low band frequency range (698~960MHz) by wideband operation.
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Figure 6 Measured peak gains and radiation efficiencies (left) Simulated and measured reflection coefficient (right) of the proposed antenna
In paper [4] “Internal Nine-Band Antenna for WWAN/LTE Mobile Handsets” which was published in 2013, an internal mobile handset antenna capable of covering nine mobile communication bands consists of asymmetric T-shape monopole that couple feeds loop strip shorted to the ground plane. A large impedance BW of the antenna is achieved as below. Also antenna structure was analysed and the principle of operation was discussed.
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Figure 7 Simulated RL as a function of the width Q of shorted strip1
In paper [5] “A Compact Multiband Antenna for LTE/WWAN Mobile Handset” which was published in 2015, A compact multiband antenna which comprises an inverted-L shaped feeding strip and two folded shorting strips can cover low band frequency range. The measured impedance bandwidths defined by return loss less than 6 dB are 260 MHz(700-960 MHz) and 1000 MHz (1700-2700 MHz) as below. The occupied volume of the antenna radiator is only 45 × 13 × 5 mm3.
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Figure 8 Measured and simulated return loss for the proposed antenna
In paper [6] “Octa-band Antenna with Less Ground Clearance for LTE Mobile Handset” which was published in 2018, the performances of some proposed mobile antennas were summarized in table 1 as below. It’s observed that there are some publications [7]-[12] about mobile phone antennas that can cover low band frequency range (698~960MHz) in the last few years. Many of methods were used to achieve a good performance antenna which can cover low band frequency range. For example, match circuit and tuning line were used in [7] and multiple branches and a match circuit were used in [8]. Besides, couple feeding method and multiple branches were implemented in [11]-[12].
Table 1 PERFORMANCE OF SOME MOBILLE ANTENNAS
	Reference
	Dimension(mm3)
	working bands1
	Ground clearance
	Efficiency(%)2

	[7]
	80×8×5.8
	Eight bands
	8
	>64/>50

	[8]
	70×8×4.8
	Eight bands
	8
	>47/>72

	[9]
	70×10×5
	Eight bands
	10
	>47/>43

	[10]
	30×10×5
	Eight bands
	10
	>50/>60

	[11]
	80×6×5.8
	Eight bands
	6
	>67/>63

	[12]
	70×8×5.8
	Eight bands
	8
	>51/>63

	[6] proposed
	75×4×6
	Eight bands
	4
	>62/>54

	NOTE 1: Eight bands: the LTE 700/ GSM8500/GSM900/DCS/PCS/UMTS /LTE2300 /LTE2500 bands.
NOTE 2: Efficiency: the first and second values are the lowest efficiency at the lower and higher frequency bands, respectively.



In the contribution [13], an eight-band antenna for full-screen metal frame was presented in 2019, which mainly consists of two monopole branches, a match circuit, and two ground branches. The proposed antenna can cover the lower band (698-960MHz). It can be realized under the condition of an only 2mm ground clearance and a metal frame. According to the prototype, the measured -6dB impedance bandwidths are 300MHz (665–965 MHz) at the lower band. And the measured efficiency is bigger than 42% as shown below, so it is practical for mobile phone applications.
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Figure 9 Measured efficiencies of the proposed antenna
In total, there were lots of contributions to show that it’s feasible to design an antenna which can cover low band frequency range 703~960MHz with a good performance since 2011. Thus, it can be concluded that low band wideband antenna is feasible in smartphone.

Proposal 1: it’s feasible to implement a smartphone antenna which can cover low band frequency range 703~960MHz.
Discussion on multiple low-band antennas for smartphone
In the recent research, four Low-Band MIMO antennas design [14] for the smartphone was published in 2016. The four antennas are based on the open-slot antenna structure and disposed along the short edges and the side edges of the smartphone. The low band frequency range 698~960MHz was covered by this contribution. And the Geometry of the four low band MIMO antennas is shown as below.
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Figure 10 Geometry of the four low band MIMO antennas
Furthermore, the simulated and measured S parameters and antenna efficiency of the two fabricated antennas (Ant1, Ant2) are shown in Fig. 11. Ant1 is a short edge antenna and cover the 698~960 MHz band. Ant2 is a side-edge antenna and cover the 824~960 MHz band since Ant1 (Ant2) have same antenna structure as Ant3 (Ant4).
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Figure 11 (a) S parameters and (b) Antenna efficiencies of two antennas
The envelope correlation coefficient (ECC) of four antennas was obtained using HFSS. The results indicate that the ECCs are less than 0.3 over the entire frequency bands according to the summary of MIMO performance section in this paper [14], which is appropriate for the MIMO operation. Based on the research above, it’s feasible to implement multiple (more than two) low-band antennas for smartphone.
Proposal 2: it’s feasible to implement multiple (more than two) low-band antennas for smartphone.

3 Summary
Based on the discussion, all the observations and proposals are listed below:
Observation 1: it’s very important to consider the following metrics -6dB impedance bandwidth, antenna gain, radiation efficiency and ground clearance for smartphone antenna.
Proposal 1: it’s feasible to implement a smartphone antenna which can cover low band frequency range 703~960MHz.
Proposal 2: it’s feasible to implement multiple (more than two) low-band antennas for smartphone.
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