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Introduction
Currently, the UE 4Rx feature for low frequency band is only defined for FWA form factor for NR. A WI for Low NR band 4Rx for handheld UE and 3Tx for inter-band UL CA and EN-DC has been approved in RAN#98-e in [1] in which the following objectives are introduced:
[bookmark: _Hlk122105456]Enhancements for 4Rx at low frequency band (<1GHz)
· Study if feasible Specify requirements for handheld UE with 4Rx antennas including delta RIB,4R and ∆TRxSRS
· 4Rx is optional feature for handheld UE in low frequency bands
· Signalling impact will be considered if any.
· Low frequency bands considered in this WI is in table 4.1-1 with the contact information inside.
In this paper, some initial analysis and proposals are provided for the feasibility study.
Discussion
Initial feasibility analysis
Indeed, there are a few handheld smartphones that can support n28 4Rx emerged this year. By re-using some MHB antenna for Low band, and utilizing the increasing larger form factor of smartphone, the antenna design can also be somewhat simplified compared to what expected before. However, it still should be noted that, there are still limitation on the implementation of this feature. The coupling and correlation would still not that satisfactory for under current restriction of typical handheld UE
One UE with smartphone formfactor supporting 4Rx n28 was used to do some preliminary antenna measurements to study the correlation and efficiency of low band. Those data had also been submitted during RAN#98-e. A simplified antenna illustration is as following:

[image: ]
Figure 1. Simplified Antenna illustration of example UE for n28 4Rx
ECC parameter
A general range of ECC results between different antenna pair are included here. This is a simplified benchmark to evaluate the antenna correlation between different antenna pairs for a respective band. A value of larger than 0.5 for bands below 1GHz is generally regarded as a fairly large correlation, and not very good to ensure multi-layer transmission. Some more information can be obtained in Annex D.
Table 1. Average ECC results between respective antenna pair measured under Free Space condition
	Antenna Pair
	ECC for n28

	4_3
	0.5~0.8

	4_2
	0.3~0.5

	4_1
	0.3~0.5

	3_2
	> 0.8

	3_1
	> 0.8

	2_1
	> 0.8


It should be highlighted that some ECC values are larger than 0.8, from antenna performance perspective, the spatial correlation between the antenna element is very large, then the corresponding gain for throughput would be limited. 

Antenna efficiency
The antenna efficiency measurements of range were presented here for n28. It is for Rx and in free space condition.
Table 2. Rx Antenna Efficiency (FS) for different antenna (dB)
	Antenna
	N28 Rx Antenna Efficiency (FS) 

	3
	-8 ~ -6

	4
	-10 ~ -8

	1
	-10 ~ -8

	2
	<-12



As shown in table 2, some values of the antenna efficiency range are below typical UE performance, which may not bring clear Rx performance gain.
Observation 1: The ECC parameter and antenna efficiency of low band 4Rx antenna for smartphone may still not satisfactory for typical performance/requirement.
Based on the observation, the following proposal is provided:
Proposal 1: Some more simulation or test verification is needed to study the antenna correlation and / or throughput gain.

For the detailed requirements, the two already mentioned impacted parameter deltaRIB,4R and ∆TRxSRS already have existing requirements for FWA for low band or hand held for MH/H band. Those requirements can serve as starting points. However, considering it is mostly the antenna design rather than baseband or conductive tests might be problematic, 
Observation 2: The current impacted requirements such as deltaRIB,4R and ∆TRxSRS are conductive which seems do not have much feasibility issue.
Proposal 2: The requirements discussion can be postponed after more feasibility study is conducted. 


Conclusion
In this paper, some initial analysis and proposals are provided for the feasibility study of 4Rx for low band for handheld UE.
Observation 1: The ECC parameter and antenna efficiency of low band 4Rx antenna for smartphone may still not satisfactory for typical performance/requirement.
Observation 2: The current impacted requirements such as deltaRIB,4R and ∆TRxSRS are conductive which seems do not have much feasibility issue.

Proposal 1: Some more simulation or test verification is needed to study the antenna correlation and / or throughput gain.
Proposal 2: The requirements discussion can be postponed after more feasibility study is conducted. 
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Annex. ECC (Envelope Correlation Coefficient)
Envelope Correlation Coefficient (ECC) is a measure of the correlation between the radiation patterns of the MIMO antenna pairs, which could tell us how independent two antennas' radiation patterns are. To get the ECC value, the typical mathematical formula widely used for ECC OTA measurement [4] [5] based on 3D radiation patterns is as following:
[image: ]
In which, the E1, E, E, E are far-field 3D complex antenna patterns (i.e., magnitude and phase) of the two antennas at two different polarizations ( and ). The XPR value is the cross-polarization power ratio of the incident waves, which depends on the adopted power distributions. P and Pare components of the angular density functions of the incoming plane waves.   
The performance of the MIMO antenna is strongly affected by the ECC between the antenna elements, generally, ECC ranges from 0 (no correlation, best MIMO gain) to 1 (identical patterns, no MIMO gain).
Typically, ECC should be smaller than 0.3 for bands >1GHz, and smaller than 0.5 for bands <1GHz.  
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