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Introduction
Basket work items have been agreed for EN-DC [1] and UL CA [2] with PC2 power levels.  One of the requirements that needs to be evaluated for PC2 is MSD.  Rather than follow the same approach that was used previously for PC3 MSD, this contribution proposes that MSD be re-evaluated.  The conventional approach leads to MSD values that are too large to be deployed in a network, especially for PC2.
Discussion
MSD is an exception to reference sensitivity for band combinations where there are harmonic, harmonic mixing, 2UL intermodulation, and narrow cross band separation between the two bands.  For UL CA, the MSD for harmonic, harmonic mixing, and 2 UL IMD has been specified in Tables 7.3A.4-1, Table 7.3A.4-4, and Table 7.3A.5-1, respectively in 38.101-1.  For SUL, the MSD for harmomics is found in Table 7.3C.2-2 of the same specification.  Similarly, for EN-DC with two bands, the MSD for harmonics, harmonic mixing, and 2 UL IMD has been specified in Table 7.3B.2.3.1-1, Table 7.3B.2.3.2-1, and Table 7.3B.2.3.5.1-1 in 38.101-3.
Even a casual inspection of these tables reveals the MSD values to be extraordinarily large for some configurations.  It is not uncommon to find MSD values exceeding 10 dB, 20 dB, or even 30 dB for impacted band combinations.  Fortunately, many of the MSD specifications apply only under limited frequency ranges, e.g. for frequency ranges that are an integer or reciprocal integer multiple of the low frequency band to the high frequency band, whereupon the degradation is only experienced if the operator’s spectrum holdings land within these ranges.  However, for some band combinations the impacted frequency range covers nearly the entire band or the majority or entirety of an operator’s spectrum holdings.  In this case, very large MSD values effectively render the band combination useless for deployment for the affected operator.
With PC2 power levels, the MSD values are only expected to increase due to the higher noise and interference levels brought on by higher transmit powers.  The appeal of PC2 is increased range and link budget bringing better utility for the deployment; however, these benefits are negated if the downlink is crippled by large MSD.  Therefore, 3GPP must find a way to reduce the MSD values if it is to enable and promote PC2 for these combinations.
As an example, consider the combination between Band 3 and Band n78.  This was one of the first EN-DC combinations defined for NR in Rel-15.  The MSD for harmonic interference is shown below excerpted from Table 7.3B.2.3.1-1 of 38.101-3 for PC3.  
Table 1.  MSD for DC_3_n78 PC3
	E-UTRA or NR Band / Channel bandwidth of the affected DL band / MSD

	UL band
	DL band
	5 MHz
(dB)
	10 MHz
(dB)
	15 MHz
(dB)
	20 MHz
(dB)
	25 MHz
(dB)
	30 MHz (dB)
	40 MHz
(dB)
	50 MHz
(dB)
	60 MHz
(dB)
	80 MHz
(dB)
	90 MHz
(dB)
	100 MHz
(dB)

	3
	n782,13
	
	23.9
	22.1
	20.9
	
	
	17.9
	16.8
	16.0
	14.8
	14.3
	13.8

	
	n783
	
	1.1
	0.8
	0.3
	
	
	
	
	
	
	
	

	

NOTE 2:	The requirements should be verified for UL EARFCN or NR ARFCN of the aggressor (lower) band (superscript LB) such that in MHz and  with carrier frequency in the victim (higher) band in MHz and the channel bandwidth configured in the lower band.




NOTE 3:	The requirements are only applicable to channel bandwidths no larger than 20 MHz and with a carrier frequency at  MHz offset from  in the victim (higher band) with , whereandare the channel bandwidths configured in the aggressor (lower) and victim (higher) bands in MHz, respectively.
NOTE 13:	These requirements apply when there is at least one individual RE within the uplink transmission bandwidth of the aggressor (lower) band for which the 2nd transmitter harmonic is within the downlink transmission bandwidth of a victim (higher) band and a range ∆FHD above and below the edge of this downlink transmission bandwidth. The value ∆FHD depends on the EN-DC band combination: ∆FHD = 10 MHz for DC_1_n77, DC_2_n48, DC_2_n77, DC_48_n66, DC_66_n48, DC_66_n77, DC_3_n77, DC_3_n78, DC_11_n28 and DC_28_n50



The MSD for 2UL IMD for PC3 is shown in Table 2
Table 2.  MSD for 2UL IM for DC_3A_n78A for PC3
	NR or E-UTRA Band / Channel bandwidth / NRB / MSD

	EN-DC
Configuration
	EUTRA or NR band
	UL Fc 
(MHz)
	UL/DL BW 
(MHz)
	UL 
LCRB
	DL Fc (MHz)
	MSD 
(dB)
	IMD order

	DC_3A_n77A,
DC_3A_n77(2A),
DC_3A_SUL_n77A-n80A,
DC_3A_n78A,
DC_3A_SUL_n78A-n80A,
DC_3A_n78(2A),
DC_3C_n78A
DC_3C_n78(2A)
	3
	1740
	5
	25
	1835
	26
	IMD23

	
	
	
	
	
	
	28.74
	

	
	n77, n78
	3575
	10
	50
	3575
	N/A
	N/A

	DC_3A_n77A,
DC_3A_n77(2A),
DC_3A_SUL_n77A-n80A,
DC_3A_n78A, DC_3A_SUL_n78A-n80A,
DC_3A_n78(2A),
DC_3C_n78A
DC_3C_n78(2A)
	3
	1765
	5
	25
	1860
	8.0
	IMD43

	
	
	
	
	
	
	10.74
	

	
	n77, n78
	3435
	10
	50
	3435
	N/A
	N/A



The MSD for 2UL IMD for PC2 is shown in Table 3 copied from [3]
Table 3.  MSD for 2UL IM for DC_3A_n78A for PC2
	NR or E-UTRA Band / Channel bandwidth / NRB / MSD

	EN-DC
Configuration
	EUTRA or NR band
	UL Fc 
(MHz)
	UL/DL BW 
(MHz)
	UL 
LCRB
	DL Fc (MHz)
	MSD 
(dB)
	IMD order

	DC_3A_n78A
	3
	1740
	5
	25
	1835
	31.9
	IMD2

	
	n78
	3575
	10
	50
	3575
	N/A
	N/A

	DC_3A_n78A
	3
	1765
	5
	25
	1860
	18.5
	IMD4

	
	n78
	3435
	10
	50
	3435
	N/A
	N/A



It can be seen in the above tables that the harmonic MSD is as high as 23.9 dB for DL RB’s that directly overlap the harmonic of the UL RB’s.  The same value applies for EN-DC PC2 in this case since the uplink band (FDD Band 3) for this scenario is limited to PC3.  For 2 UL IMD with PC3 power levels, the second order IM MSD is 26 dB while the fourth order IM MSD is 8 dB.  These increase to 31.9 dB and 18.5 dB for PC2.  MSD values of this magnitude are not useful and convey the message that EN-DC is not deployable under these conditions.  Rather than define useless MSD values, a better solution would be to improve upon the MSD.  In practice, the operators who are deploying these combinations already insist upon better MSD performance from handsets to operate in their network since the 3GPP values are not acceptable.  
Indeed, an effort to improve the MSD values in the past was not met with success.  The harmonic MSD for DC_3A_n78A was specified in [4] according to E-UTRA CA_3A-42A.  The E-UTRA MSD value is approximately 21 dB for a 20 MHz channel in Band 42 [5].  A proposal to reduce the MSD by ~10 dB for EN-DC in [6] was not agreed.  The method to reduce MSD was to assume a better PA H2 specification (a value of -48 dB was assumed in [6] compared to -35 dB assumed in [5]).  Another approach is to reconsider the PCB isolation.  With sufficient front-end filtering to reject products along the conducted paths, it has been found that PCB isolation becomes the limiting factor to achievable MSD.  In both [5] and [6], the PCB isolation between PA output and LNA input was assumed to be 70 dB.  Both contributions recognized the challenge to achieving higher isolations on modern phone designs, however, the benefit is clear.  While improving the PA H2 specification will help reduce the MSD for harmonics, the IM problem will still remain for 2UL.  Moreover, improved PA H2 most likely comes from additional filtering, perhaps embedded in PA itself, which increases the insertion loss and/or required size of the PA.  On the other hand, improving PCB isolation will help both harmonic and IM intererence without incurring additional insertion loss.  The figure below illustrates the possible reduction in MSD with improved PCB isolation.  There is nearly 1:1 gain from PCB isolation to MSD.  Thus, to overcome an MSD of 20 dB requires a PCB isolation of approximately 90 dB.
[image: ]
For 2UL IMD, the values are once again borrowed from E-UTRA UL CA.  The specified MSD for E-UTRA UL CA is shown below where it can be seen to be 29.8 dB for IMD2 and 8.0 dB for IMD4.   
Table 4.  MSD for E-UTRA UL CA
	CA_3A-42A
	3
	1740
	5
	25
	1835
	29.8
	FDD
	IMD24

	
	42
	3575
	5
	25
	3575
	N/A
	TDD
	N/A

	CA_3A-42A
	3
	1765
	5
	25
	1860
	8.0
	FDD
	IMD44

	
	42
	3435
	5
	25
	3435
	N/A
	TDD
	N/A



One derivation for these MSD values can be found in [7] where it can be found that the assumed PCB isolation is 65 dB.  Assuming no other component performance improvement, if the PCB isolation could be increased to 90 dB, the MSD would drop to 10.4 dB for IMD2.  At this point, conducted performance becomes limiting so other improvements to PA and filter performance would lead to even better MSD.  One estimate is shown below.
[image: ]
Measurements on various form-factor test platforms and reference designs have validated the above claims on MSD improvement.  This was observed not only for Band 3 + n78 but also for other problematic combinations such as B66+n5, B2+n77, etc.  However, the measurements are limited to a single unit or a small number of samples.  Hence, the should not be used to define a minimum specification that all devices are obligated to meet.  Nonetheless, they do demonstrate the feasibility to significantly improve upon the 3GPP specified MSD values.
UE capability
The above discussion has demonstrated the effect of improved PCB isolation to improving MSD.  Whereas MSD was previously specified to be unusable, with PCB isolation at 90 dB, the MSD falls to values where the combination can be meaningfully deployed.  In some cases, it has been observed that the MSD falls to nearly zero.  However, can such isolation be achieved in a practical phone design and should this be the basis for deriving a minimum specification?  A very strong argument can be (and has been) made that minimum requirements should not be based on such an aggressive PCB isolation since it may not always be possible for all designs.  Hence, the minimum requirements are derived on PCB isolation values of approximatekly 60 to 70 dB.  However, it has never been claimed that 90+ dB isolation is always impossible either.  There are certainly examples of devices achieving near-zero MSD values when the specification states 20+ dB and in fact, operators are demanding device manufacturers deliver much better performance than the 3GPP specification allows.  This is, as stated above, because a network is not deployable with such large MSD.  Therefore, merely conforming to the 3GPP specification is effectively equivalent to not supporting the band combination at all.  Those devices that only meet the 3GPP MSD requirement will not perform satisfactorily in the network.  Therefore, it is necessary for the 3GPP specification to be written in such a way that the MSD allows a network to be deployed.  If that MSD is not able to be met by a UE, then the UE should not declare support for the combination.
Option 1:  MSD values should be not be defined so large that they are no longer useful.  If more aggressive assumptions are taken for MSD, it is understood that some UE’s will not be able to meet the performance requirement.  Those UE’s should not indicate support for the band combination.
The above Option 1 is probably too restrictive.  For example, the harmonic or IMD may only impact a portion of the band.  Therefore, the device should be able to support the band combination in other portions of the band where the harmonic or IM does not land.  Or the device can support the 2UL band combination, but might be restricted to SUO if the specification allows it for the particular band combination.
Option 2:  Two MSD values are defined – one with conventional asumptions and a second one with more aggressive assumptions.  The UE reports which of the two it complies with on a per band combination basis.
As an example, for the B3+n78 PC3 combination it is expected that a more aggressive MSD of 5 to 10 dB could be achieved by assuming 90 dB PCB isolation and additional filtering.  This is in contrast to the nearly 30 dB that is specified today with conventional assumptions. 
Proposal
It is proposed to pursue the definition of two MSD values for each band combination whenever the MSD exceeds [10] dB with conventional assumptions.  More aggressive assumptions can be used to derive a second MSD value, for example, filter rejection assumption, PCB isolation of greater than 90 dB can be assumed.  The filter assumption should be designed in such a way to be balanced with 90 dB PCB isolation so that neither becomes the dominant factor in MSD.  Overdesigning the filter will lead to undesirable insertion loss without any benefit if MSD is anyways limited by  PCB isolation.  
Proposal:  For PC2 band combinations where harmonic, harmonic mixing, and/or 2UL IMD MSD exceeds [10] dB with conventional assumptions, a second MSD shall also be defined using more aggressive assumptions such as filter rejection and PCB isolation of 90 dB or better.  The UE reports which MSD it complies with.
The proposal is relevant to PC2 since MSD is both expected to be worse with PC2 yet overall performance should be better with PC2 to justify the higher power level and its associated costs.  In the future, the same proposal can also be considered for PC3.
Conclusion
Sensitivity degradation is to be expected when there is uplink-to-downlink interference.  In particular, some combinations have a frequency relationship whereby harmonic and/or harmonic mixing interference degrades receiver performance when the transmitter is simulatneously active.  For dual uplink configurations such as EN-DC or UL CA, IMD products can cause similar issues when landing in the receive band.  Using conventional RAN4 assumptions for deriving specifications yields MSD values that are often more than 10 dB and not uncommonly in excess of 20 dB.  While it is understandable where these values come from, such large MSD values are not suitable for operator deployment.  Therefore, it is effectively indicating that the band combinations cannot be deployed.  However, operators instead are circumventing 3GPP specifications and instead demanding that UE’s exceed the performance.  Indeed, some UE’s are able to do so, especially if the design constraints allow for greater PCB isolation.  It is therefore proposed to take this into consideration as MSD values are defined for PC2 band combinations.
Proposal:  For PC2 band combinations where harmonic, harmonic mixing, and/or 2UL IMD MSD exceeds [10] dB with conventional assumptions, a second MSD shall also be defined using more aggressive assumptions such as filter rejection and PCB isolation of 90 dB or better.  The UE reports which MSD it complies with.
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