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1	Introduction 

The concept of MSD (Maximum Sensitivity Degradation) defined as an exception for REFSENS requirements on the victim DL carrier in a band combination have been introduced since the emergence of E-UTRA carrier aggregation and carried on to NR CA and DC combinations. It is used to quantify the worst-case REFSENS impact from UL interference to victim DL carriers in various mechanisms such as UL harmonics, 2UL inter-modulation, cross-band interference due to UL and DL band frequency proximity, and harmonic mixing. It is also one of the most attended requirements when a new CA or DC combination was introduced and had consumed substantial RAN4 time and efforts in basket WI TP drafting and review process. 

Depending on the carrier configurations and interference mechanism, the MSD value may range from low single-digit dB to 30+ dB based on the typically assumed RF front-end components linearity and isolation performance [1]. The concern for band combinations with MSD above 20 dB has been raised due to that the relatively high MSD may restrict the usage in certain carrier configurations. On the other hand, some UE in the field had been seen able to perform better than what is defined in the specifications for MSD [2,3]. The seemingly encouraging outcome has spawned the proposal to introduce a new UE capability to allow UE to indicate the support for improved MSD (or the so-called “lower” MSD) [4]. Therefore, the desire on seeking for potential MSD improvement and the feasibility for UE to report lower MSD capability has been formulated as part of the objectives in Rel-18 WID on further RF requirements enhancement for NR and EN-DC in (FR1) [5].      

In this contribution, we share our analyses and views on the potential MSD improvement for the example band combinations selected based on the severity of MSD where we focus on the analyses for UL harmonics and 2UL IMD induced MSD.    
                     
2 Discussion
2.1		Example band combinations

Table 2.1-1 lists the example band combinations with MSD issue caused by various UL interfering mechanisms, selected primarily based on the severity of MSD.

	Band Combination
	Power Class
	Interference Source
	Victim Band
	Victim DL BW (MHz)
	MSD (dB)

	CA_n3-n78
	PC3
	UL 2nd harmonics
	n78
	10
	23.9

	CA_n3-n78
	PC3
	2UL IMD2
	n3
	5
	26.0

	CA_n28-n40
	PC3
	Harmonic mixing 3rd order 
	n28
	5
	37.8

	CA_n18-n28
	PC3
	Cross-band interference
	n28
	5
	31.3



Table 2.1-1 Example band combinations for MSD improvement analyses
Proposal 1: Use the band combinations listed in Table 2.1-1 as examples for MSD improvement analyses.

2.2		CA_n3-n78 UL 2nd harmonic MSD analysis

To assess the potential MSD improvement for CA_n3-n78 due to UL 2nd harmonic interference, we have performed the link analysis based on the reference architecture and a set of front-end component isolation and linearity parameters similar to what were proposed for CA_3A-42A [6], which are presented in Figure 2.2-1 and Table 2.2-1 below respectively.
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Figure 2.2-1 Reference architecture for CA_n3-n78 UL 2nd harmonic MSD analysis

	Isolation
	dB
	Linearity (IP2)
	dBm

	Duplexer Tx to H2
	25
	Duplexer/BPF
	102

	Harmonic filter
	30
	Harmonic filter
	120

	Diplexer
	20
	Diplexer
	120

	Antenna
	10
	Switch
	115

	PCB
	65
	LNA (IIP2)
	6

	n78 diplexer/BPF to n3 Tx
	50
	
	



 Table 2.2-1 Front-end component isolation and 2nd order linearity parameters for MSD calculation

Table 2.2-2 summarizes the link analysis to derive the n3 UL 2nd order harmonic power level at n78 main and diversity Rx inputs. The MSD for 10MHz DL channel BW after MRC assuming uncorrelated noise is summarized in Table 2.2-3.

Though there are many factors affecting the MSD value, from the link analysis we have observed that the most effective way to reduce the MSD due to UL 2nd harmonic interference is to improve PCB isolation and antenna isolation simultaneously. Thereby without taking into account the practical implementation feasibility, we have evaluated the MSD improvement over the tightened PCB isolation up to 100 dB and antenna isolation up to 20 dB. The result for 10MHz DL channel BW is shown in Figure 2.2-2.

	Insertion loss (dB)
	3
	
	

	PA output power (dBm)
	26
	
	

	Main Path
	dBm
	Diversity Path
	dBm

	H2 @ PA output
	-10
	H2 @ antenna
	-77.8

	Duplexer H2
	-56
	Switch H2
	-89

	H2 @ duplexer output
	-37.9
	Diplexer H2 referred to antenna
	-94

	Harmonic filter H2
	-74
	BPF H2 referred to antenna
	-179

	H2 @ harmonic filter output
	-67.0
	PCB coupling referred to antenna
	-72

	Diplexer H2
	-74
	LNA H2 referred to antenna
	-83

	H2 @ diplexer output
	-73.8
	Total H2
	-70.6

	Switch H2
	-69
	
	

	H2 @ switch/antenna port
	-67.8
	
	

	PCB coupling referred to antenna
	-72
	
	

	LNA H2 referred to antenna
	-57
	
	

	Total H2
	-56.5
	
	



Table 2.2-2 Link analysis for 2nd harmonic power level calculation

	BW
	
	Floor
	H2
	Total

	10 MHz
	Main Path (dBm)
	-91.8
	-56.5
	-56.5

	
	Diversity Path (dBm)
	-91.8
	-70.6
	-70.6

	
	After MRC (dBm)
	-94.8
	
	-70.8

	
	MSD (dB)
	
	
	24.0


  
Table 2.2-3 MSD for 10MHz DL channel BW after MRC
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Figure 2.2-2 MSD improvement over tightened PCB isolation and antenna isolation

Based on the above analysis, it can be seen that to reduce MSD caused by UL 2nd order harmonic to below 10 dB, the antenna isolation needs to be better than 20 dB in conjunction with PCB isolation higher than 85 dB. And such isolation performance has been realized rather challenging to accomplish for a typical smartphone design, in particular with heavily populated RF front-end components in a limited form factor.

Observation 1: To reduce MSD caused by UL 2nd order harmonic to below 10 dB, the antenna isolation needs to be better than 20 dB in conjunction with PCB isolation higher than 85 dB.

2.3		CA_n3-n78 2UL IMD2 MSD analysis

To assess the potential MSD improvement for CA_n3-n78 due to the 2UL 2nd order intermodulation (IMD2) interference, we have performed the link analysis based on the same reference architecture as shown in Figure 2.2-1, a set of front-end component isolation parameters and a set of linearity parameters similar to what were proposed for CA_3A-42A [7], which are summarized in Table 2.3-1 and Table 2.3-2 below respectively.

	Component
	IP2 (dBm)
	IP3 (dBm)
	IP4 (dBm)
	IP5 (dBm)

	Ant. Switch
	115
	68
	56
	53

	Diplexer
	115
	86
	55
	53

	Duplexer
	100
	74
	55
	53

	PA Forward
	27
	30
	32
	27

	PA Reversed
	38
	28
	33
	32

	LNA
	6
	-6
	-6
	-10



Table 2.3-1 Front-end component linearity parameters for MSD calculation

	Isolation Parameter
	Value (dB)
	Comment

	Antenna to Antenna
	10
	Main antenna to diversity antenna

	PA (out) to PA (in)
	65
	PCB isolation (PA forward mixing)

	Diplexer
	20
	Mid/high band isolation

	PA (out) to PA (out)
	65
	PCB isolation (PA reverse mixing)

	LNA (in) to PA (out)
	50
	Cross-band (n78 filter + diplexer)

	LNA (in) to PA (out)
	65
	PCB isolation (n78 PA leakage into B3 LNA)

	Duplexer
	50
	n3 Tx band rejection at Rx band



Table 2.3-2 Front-end component isolation parameters for MSD calculation

Table 2.3-3 and Table 2.3-4 summarize the link analysis to derive the IMD2 power level at n3 main and diversity Rx inputs respectively. The MSD for 5MHz DL channel BW after MRC assuming uncorrelated noise is summarized in Table 2.3-5.

From the link analysis we have observed that the most dominant IMD2 contributors in n3 Rx main path are from n3 PA forward mixing and n78 PA forward mixing where the IMD2 power is dependent on the PA 2nd order linearity and PCB isolation. The next dominant contributor is from n3 LNA 2nd order mixing where the IMD2 power is dependent on the n3 duplexer Rx to Tx isolation, PCB isolation, and n3 LNA 2nd order linearity. For the n3 Rx diversity path, the most dominant IMD2 contributor is the IMD2 from the Tx path through main antenna to diversity antenna coupling. The next dominant contributor is from n3 LNA 2nd order mixing through radiative path where the IMD2 power is dependent on the antenna isolation and n3 diversity Rx filter selectivity.    

Since PCB isolation and antenna isolation are the two key parameters affecting the MSD value, without taking into account the practical implementation feasibility, we have evaluated the MSD improvement over the tightened PCB isolation up to 100 dB and antenna isolation up to 20 dB. The result for 5MHz DL channel BW is shown in Figure 2.3-1.


	Main Path

	Component
	Pn3 (dBm)
	Pn78 (dBm)
	IP2 (dBm)
	IMD2 (dBm)

	Antenna Switch
	20
	20
	115
	-75

	Diplexer
	20
	20
	115
	-75

	n3 Duplexer
	23
	-27
	100
	-104

	n3 PA Forward
	23
	-12
	27
	-63

	n78 PA Forward
	-12
	23
	27
	-63

	n3 PA Reversed
	23
	-42
	38
	-104

	n78 PA Reversed
	-42
	23
	38
	-104

	Tx Total
	
	
	
	-59.7

	n3 LNA
	-27
	-42
	6
	-72

	Total IMD
	
	
	
	-59.5

	Total IMD after CF
	
	
	
	-59.9



Table 2.3-3 IMD2 power level to n3 Rx main path

	Diversity Path

	Component
	Pn3 (dBm)
	Pn78 (dBm)
	IP2 (dBm)
	IMD2 (dBm)

	From Main Path
	
	
	
	-69.7

	Antenna Switch
	10
	10
	115
	-95

	Diplexer
	10
	10
	115
	-95

	n3 Filter
	-10
	10
	100
	-100

	n3 LNA (radiative)
	-28
	-48
	6
	-79

	n3 LNA (conductive)
	-42
	-42
	6
	-87

	Total IMD
	
	
	
	-69.1

	Total IMD after CF
	
	
	
	-69.5



[bookmark: OLE_LINK1]Table 2.3-4 IMD2 power level to n3 Rx diversity path

	
	Thermal
	IMD
	Total

	Main Path (dBm)
	-93
	-59.9
	-59.9

	Diversity Path (dBm)
	-93
	-69.5
	-69.5

	After MRC (dBm)
	-96
	
	-70.0

	MSD (dB)
	
	
	26.0



Table 2.3-5 MSD for n3 in CA_n3-n78 UL CA due to IMD2
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Figure 2.3-1 MSD improvement over tightened PCB isolation and antenna isolation
Based on the above analysis, it can be seen that to reduce MSD caused by 2UL IMD2 to below 10 dB, the antenna isolation needs to be better than 20 dB in conjunction with PCB isolation higher than 80 dB. And such isolation performance has been realized rather challenging to accomplish for a typical smartphone design, in particular with heavily populated RF front-end components in a limited form factor.

Observation 2: To reduce MSD caused by 2UL IMD2 to below 10 dB, the antenna isolation needs to be better than 20 dB in conjunction with PCB isolation higher than 80 dB.

2.4		MSD with UL power back-off

MSD requirement has been derived based on a selective possible worst-case carrier configuration where UL aggressor is assumed transmitting at maximum output power per its power class without taking into account the MPR or A-MPR, which however may not always represent the real field operating condition. Under the circumstance that UE is close to base station, MSD may no longer be an issue as its interference level is reduced along with the UL power back-off through power control.

Figure 2.4-1 shows an example on how MSD caused by 2UL IMD2 is reduced theoretically with UL power back-off [8]. It can be seen that with both UL power reduced by more than 10 dB, the MSD can fall to below 10 dB.
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Figure 2.4-1 MSD versus UL power back-off for 2UL IMD2

Observation 3: MSD can be effectively reduced by aggressor UL power back-off.

2.5		Way forward

The earlier RAN4 approach on specifying the MSD requirements has been based on the average value of every company’s own evaluation where the numbers could vary substantially from company to company due to different assumptions in RF front-end component performance where some of them could be implementation dependent. Though there has been attempt on standardizing a set of RF parameters to harmonize the MSD evaluation process among companies [1], the proposal did not prevail as most companies still preferred with their own assumptions for MSD evaluations.

As RAN4 is now revisiting the MSD analysis to seek for potential improvement, it might be worth to consider harmonizing some of the key RF parameters such as PCB isolation and antenna isolation which according to our analysis have the most direct impact to MSD. The feasibility on how much PCB isolation and antenna isolation can be improved will need further studies. On the other hand, RAN4 should apprehend that the specified MSD is only representing a selective possible worst-case operating condition which may not often take place in real field operations. The decision on network scheduling for a band combination should not be solely based on the MSD specifications. Therefore, apart from seeking for potential MSD improvement under the worst-case operation condition, RAN4 should also consider MSD reduction via UL power back-off as part of the objectives during the study phase of the lower MSD investigation.

Proposal 2: RAN4 to consider harmonizing some of the key RF parameters such as PCB isolation and antenna isolation for MSD evaluation.

Proposal 3: The feasibility on how much PCB isolation and antenna isolation can be improved needs further studies.

Proposal 4: RAN4 should also consider MSD reduction via UL power back-off as part of the objectives during the study phase of the lower MSD investigation.
    
3	Conclusion

In this contribution, we share our analyses and views on the potential MSD improvement for the example band combinations selected based on the severity of MSD where we focus on the analyses for UL harmonics and 2UL IMD induced MSD.

Proposal 1: Use the band combinations listed in Table 2.1-1 as examples for MSD improvement analyses.

Observation 1: To reduce MSD caused by UL 2nd order harmonic to below 10 dB, the antenna isolation needs to be better than 20 dB in conjunction with PCB isolation higher than 85 dB.

Observation 2: To reduce MSD caused by 2UL IMD2 to below 10 dB, the antenna isolation needs to be better than 20 dB in conjunction with PCB isolation higher than 80 dB.

Proposal 2: RAN4 to consider harmonizing some of the key RF parameters such as PCB isolation and antenna isolation for MSD evaluation.

Proposal 3: The feasibility on how much PCB isolation and antenna isolation can be improved needs further studies.

Proposal 4: RAN4 should also consider MSD reduction via UL power back-off as part of the objectives during the study phase of the lower MSD investigation.
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