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1 [bookmark: _Ref124589705][bookmark: _Ref129681862]Introduction
Low frequency bands are valuable for their large coverage, and have been deployed in many countries as the baseline network. However, in these low bands, 2Tx is supported only by FWA devices and no 4Rx can be supported for any kind of UE, this makes low bands have the drawback of low throughput due to smaller BW (typically <50MHz) and less antennas especially for handheld UE (now 1Tx and 2Rx), as shown in table 1, which makes it less attractive in high throughput services compared with mid/high frequency bands with 100MHz CBW and 2Tx/4Rx antennas.
Table 1 Comparison of low bands and mid/high bands
	
	Total spectrum (MHz)
	Max CBW (MHz)
	UL MIMO layer
	DL MIMO layer
	Throughput

	n8
	35
	35
	1
	2
	Low

	n28
	45
	30
	1
	2
	Low

	n71
	35
	35
	1
	2
	Low

	n1
	60
	50
	2
	4
	High

	n41
	194
	100
	2
	4
	High

	n78
	500
	100
	2
	4
	High



Observation 1:       In low frequency bands, handheld UE only support 1T/2R in current RAN4 spec.
Observation 2:       Low frequency bands have smaller CBW/spectrum and less UL/DL MIMO layers compared with mid/high bands which makes the throughput is low.
To make the low bands more valuable and achieve higher throughput, increasing BW or introducing 2T/4R in handheld UE could be two approaches. Between them, introducing 2Tx/4Rx handheld UE is more realistic and promising approach since the spectrum is up to regulations.

In this paper, we will share some views on the motivation of handheld UE enhancements in the low frequency bands, mainly include two parts, one is enhancement for single low band, the other is for Low + mid/high band combinations.

2 Discussion
2.1 Single low band enhancements
[bookmark: _Hlk120477610]As discussed in the introduction part, to improve the UL and DL throughputs, enable UE with higher UL and DL MIMO layers could be one of the promising approaches. However, whether handheld UE can implement more antennas considering the limited space is unclear.
Observation 3:       The feasibility of implementing 4 low band antennas in handheld UE is questioned in the past.
To better understand the feasibility and performance issue, some test results of a commercial smartphone with 4Rx antennas implemented in n28 (700MHz) are shown below. The antenna locations are as illustrated in Figure 1.
[image: ]
Figure 1 illustration of 4Rx antennas in n28
1) Antenna efficiencies
The four antenna efficiencies in n28 are tested, as shown in table 2, where two of the antennas are as good as current 2Rx UE antenna efficiencies. And the other two antennas are 2dB worse, however, thanks to the smaller RFFE IL (closer to RFIC) the two additional antenna’s OTA performance are still similar as those existing antennas.
The OTA test shows TIS improvement is about 2.5dB compared with 2Rx antenna UE.
Table 2 antenna efficiencies of 4Rx antennas in n28
	
	Ant 1
	Ant 2
	Ant 3
	Ant 4

	Efficiency (dB)
	-6.5
	-6.7
	-8.3
	-8.5



Observation 4:       For the commercialized n28 4Rx smartphone, the antenna efficiency can be achieved with good performance, and OTA improvement is about 2.5dB.
2) Antenna correlation/isolation
Antenna correlation (ECC) and isolation are important for the MIMO throughput which are also tested with this smartphone. 
ECC usually is used as the figure of merit to evaluate antenna correlation performance in antenna design, and normally it should be kept below or around 0.5 to keep the throughput degradation below 10% compared with ideally no antenna correlation case. The internal test results show the ECC can be kept within normal antenna design targets.
And the antenna isolations can be achieved with 10dB. This is also within normal antenna design targets.
Observation 5:       For the commercialized n28 4Rx smartphone, the antenna correlation and isolation can be kept within normal antenna design targets.
3) Field tests
To further demonstrate the gains of this 4Rx antenna smartphone compared with current 2Rx smartphone in band n28, field tests are carried out. In this test, different locations (Center/Middle/Edge/Extreme) are chosen according to the DL RSRP levels. Then throughputs are tested with 4Rx smartphone and 2Rx smartphones. The results can be seen in table 3 and also shown in figure 2.
Field test shows the throughput can be improved largely especially in the cell edge and extreme conditions.
Note: Field tests were carried out in the mid-night to avoid other user’s impacts.
Table 3 Throughput comparison of 4Rx UE and 2Rx UE in n28
	Test Location
	4Rx throughput /Mbps
	2Rx throughput /Mbps
	Improvement

	Center (-65dBm)
	259.2
	180.3
	43.7%

	Middle (-85dBm)
	143.2
	86.5
	65.4%

	Edge (-106dBm)
	101.6
	42.8
	137.4%

	Extreme (-114dBm)
	67.8
	14.9
	353.8%




Figure 2 Throughput comparison of 4Rx UE and 2Rx UE in n28
Observation 6:       For the commercialized n28 4Rx smartphone, field test shows big improvements compared with existing 2Rx UE especially in cell edge and extreme conditions.
[bookmark: _GoBack]From the above, it can be seen that 4 low band antennas can be supported in smartphone, and its performance can be guaranteed. Similar results can be expected in the UL. Therefore, it is beneficial to support 2Tx and 4Rx in low frequency bands for handheld UE. And for the 2Tx case, the power class can be PC3 or PC2.
Proposal 1:             It is proposed to introduce 2Tx (UL MIMO) with PC3/PC2 and 4Rx for handheld UE in low frequency bands.
2. Low band + Mid/High band combination enhancements
[bookmark: _Hlk120478965]Low band + mid/high band combination is also a popular NW deployment scenario today. For this kind of band combinations, typically UE has 3 independent PAs (one low PA and two mid/high PAs) implemented in the RFFE. However, for a long time, the Tx RF architecture assumption for handheld UE is 2 concurrent Tx chains. This leads to the situation that UE works with 2PAs in single high frequency band, but when it is configured with a CA/EN-DC band combination, then only one PA is activated in each band (one mid/high band PA is not activated), the total UL throughput is degraded due to smaller total BW.

Observation 7:       UE usually with 2PAs in mid/high frequency band, but when it is configured with inter-band combination, then only one PA is activated in mid/high band, the total UL throughput is degraded due to smaller total BW.

Similar problem also exists in the dual SIM UE, i.e. UE can work with 2Tx of single SIM, but when two SIMs are activated then there is only 1Tx per SIM which leads to performance degradation for each SIM. 

Observation 8:       UE with 2Tx in one SIM, but when two SIMs are activated then there is only 1Tx per SIM which leads to performance degradation for each SIM.
[bookmark: _Hlk120479230]Therefore, it is reasonable to consider extending the current 2Tx chain architecture to 3Tx chain for Low band + mid/high band combination scenario. More specifically, this kind of band combination include 1Tx @low and 2Tx @mid/high band where each band include 1CC and the total power could be PC3 or PC2 or PC1.5.

In RAN4#105, paper [1] has analysed the specification status of inter-band UL CA/EN-DC, and it was observed that no new requirements are needed specifically for this kind of 3Tx inter-band combinations, however, there are different views and ask for further check. Meanwhile, it was commented that this is a new feature though no spec impact, and should be introduced with a new WI.

Observation 9:       When limit the 3Tx scenario to “1Tx @low band + 2Tx @mid/high band with each band 1CC and the total power PC3 or PC2 or PC1.5”, the spec impact was analyzed and believed no spec impact, however, no consensus on this, and it was commented this is a new feature should be introduced via a new WI.
With the understanding of benefits in introducing 3Tx for inter-band combinations with low band + mid/high band, and also the limited impact to RAN4 spec, it is proposed to further consider this kind of enhancements in Rel-18.

[bookmark: _Hlk120480317]Proposal 2:             It is proposed to introduce the 3Tx capability with limitation of “1Tx @low band + 2Tx @mid/high band with each band 1CC and the total power PC3 or PC2 or PC1.5”.
3 Conclusions
This paper shares the backgrounds and analysis of potential low band enhancements for handheld UE. The low band throughputs currently are restricted by smaller CBW, less Tx and Rx MIMO capabilities. To improve the throughputs, introducing 2Tx/4Rx in low bands with handheld UE formfactor is one of the promising approaches. And regarding the question of whether handheld UE can support 4Low band antennas, a commercial smartphone with 4Rx antennas in band n28 (700MHz) was tested in the labs and also in the fields. Test results shown the antenna efficiency, correlation/ECC, isolation, can be achieved with good performance, and throughput improvement is large. This gives the confidence to introduce 2Tx/4Rx capability in the low bands for handheld UE within Rel-18 timeframe and with small spec changes in RAN4.
For the 3Tx proposals, considering the limited TUs in RAN4, the scope is limited to a small scenario with almost no spec changes. Though there is no consensus whether current spec already support this kind of 3Tx feature (1Tx @low band + 2Tx @mid/high band with each band 1CC and the total power PC3 or PC2), at least clarification work is needed in RAN4 to introduce it.
Overall, we got following observations and proposals:
Observation 1:       In low frequency bands, handheld UE only support 1T/2R in current RAN4 spec.
Observation 2:       Low frequency bands have smaller CBW/spectrum and less UL/DL MIMO layers compare to mid/high bands which makes the throughput is low.
Observation 3:       The feasibility of implementing 4 low band antennas in handheld UE is questioned in the past.
Observation 4:       For the commercialized n28 4Rx smartphone, the antenna efficiency can be achieved with good performance, and OTA improvement is about 2.5dB.
Observation 5:       For the commercialized n28 4Rx smartphone, the antenna correlation and isolation can be kept within normal antenna design targets.
Observation 6:       For the commercialized n28 4Rx smartphone, field test shows big improvements comparing to existing 2Rx UE especially in cell edge and extreme conditions.
Proposal 1:             It is proposed to introduce 2Tx (UL MIMO) with PC3/PC2 and 4Rx for handheld UE in low frequency bands.
Observation 7:       UE with 2PAs in mid/high frequency band, but when it is configured with inter-band combination, then only one PA is activated in mid/high band, the total UL throughput is degraded due to total BW becomes smaller.
Observation 8:       UE with 2Tx in one SIM, but when two SIMs are activated then there is only 1Tx per SIM which leads to performance degradation for each SIM.
Observation 9:       When limit the 3Tx scenario to “1Tx @low band + 2Tx @mid/high band with each band 1CC and the total power PC3 or PC2 or PC1.5”, the spec impact was analyzed and believed no spec impact, however, no consensus on this.
Proposal 2:             It is proposed to introduce the 3Tx capability with limitation of “1Tx @low band + 2Tx @mid/high band with each band 1CC and the total power PC3 or PC2 or PC1.5”.
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