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1. Introduction
This contribution provides analysis of band 46 de-sense due to licensed band uplink harmonics for state of the art solutions in phones enabled with concurrent LTE and 5GHz Wi-Fi capability. This document also provides similar analysis for the V2V band. Finally it proposes the use of the HTF bit to enable the solutions with no REFSENS measurement exclusion within band 46 to be better used by the network.
2. Discussion
In this contribution we will analyse first the issues related to the leakage of the licensed band UL harmonics in band 46 and its relative bandwidths in the case of LAA DL CA. A state-of-the-art solution designed for within UE self-coexistence with 5GHz Wi-Fi will then be discussed. Finally a high performance option is proposed using the HTF bit enabling the network to make more efficient use of the unlicensed spectrum.
2.1. Harmonics of licensed band uplink falling in band 46
2.1.1. Harmonics causing interference to band 46

Table 1.a details the cases where a licensed band UL 2nd or 3rd harmonic falls close or into band 46 and for reference information the cases where it falls close or into V2V band. Licensed bands in bold denote bands currently considered for CA with band 46. The red highlights cases of direct harmonic interference indicating the overlap bandwidth, the orange highlights cases where separation to the harmonic is < 60MHz and thus de-sense may still be caused by the harmonic skirts. Similarly Table 1.b covers the cases for harmonic orders > 3.
Table 1.a: Licensed band UL harmonics <3 analysis 

	All Frequencies in MHz
	B46 DL Range 
	V2V Band Range 

	Licensed Band
	UL Harmonics
	5150
	5925
	5855
	5925

	Band #
	UL Range 
	Order
	Range
	Overlap 
	Separation 
	Overlap 
	Separation 

	B7
	2500-2570
	x2
	5000-5140
	0
	10
	0
	715

	B40
	2300-2400
	x2
	4600-4800
	0
	350
	0
	1055

	B41
	2496-2690
	x2
	4992-5380
	230
	0
	0
	475

	B42
	3400-3600
	x2
	6800-7200
	0
	875
	0
	875

	B1
	1920-1980
	x3
	5760-5940
	165
	0
	85
	0

	B2
	1850-1910
	x3
	5550-5730
	180
	0
	0
	125

	B25
	1850-1915
	x3
	5550-5745
	195
	0
	0
	110

	B3
	1710-1785
	x3
	5130-5355
	205
	0
	0
	500

	B4
	1710-1755
	x3
	5130-5265
	115
	0
	0
	590

	B39
	1880-1920
	x3
	5640-5760
	120
	0
	0
	95

	B66
	1710-1780
	x3
	5130-5340
	190
	0
	0
	515


Table 1.b: Licensed band UL harmonics >3 analysis 
	All Frequencies in MHz
	B46 DL Range 
	V2V Band Range 

	Licensed Band
	UL Harmonics
	5150
	5925
	5855
	5925

	Band #
	UL Range 
	Order
	Range
	Overlap 
	Separation 
	Overlap 
	Separation 

	B11
	1427.9-1447.9
	x4
	5711.6-5791.6
	80
	0
	0
	63.4

	B21
	1447.9-1462.9
	x4
	5791.6-5851.6
	60
	0
	0
	3.4

	B8
	880-915
	x6
	5280-5490
	210
	0
	0
	365

	
	
	x7
	6160-6405
	0
	235
	0
	235

	B5
	824-849
	x6
	4944-5094
	0
	56
	0
	761

	
	
	x7
	5768-5943
	157
	0
	88
	0

	B18
	815-830
	x6
	4890-4980
	0
	170
	0
	875

	
	
	x7
	5705-5810
	105
	0
	0
	45

	B19
	830-845
	x6
	4980-5070
	0
	80
	0
	785

	
	
	x7
	5810-5915
	105
	0
	60
	0

	B26
	814-849
	x6
	4884-5094
	0
	56
	0
	761

	
	
	x7
	5698-5943
	227
	0
	88
	0

	B27
	807-824
	x6
	4842-4944
	0
	206
	0
	911

	
	
	x7
	5649-5768
	119
	0
	0
	87

	B20
	832-862
	x6
	4992-5172
	22
	0
	0
	683

	
	
	x7
	5824-6034
	101
	0
	179
	0

	B12
	699-716
	x7
	4893-5012
	0
	138
	0
	843

	
	
	x8
	5592-5728
	136
	0
	0
	127

	B13
	777-787
	x7
	5439-5509
	70
	0
	0
	346

	
	
	x8
	6216-6296
	0
	291
	0
	291

	B14
	788-798
	x7
	5516-5586
	70
	0
	0
	269

	
	
	x8
	6304-6384
	0
	379
	0
	379

	B28
	703-748
	x7
	4921-5236
	86
	0
	0
	619

	
	
	x8
	5624-5984
	301
	0
	129
	0


Observation 1
· Bands 40 and 42 do not create any harmonic interference in band 46

· Bands 1/2/3/4/25/39/66 3rd harmonics directly interfere with band 46

· Band 41 2nd harmonic directly interfere with band 46

· Band 7 2nd harmonic falls only 10MHz below band 46

· Bands 5/8/11/12/13/14/18/19/20/21/26/27/28 higher order harmonics interfere with band 46

· Band 5 and band 26 6th harmonics falls within less than 60MHz distance to band 46

Observation 2
Although not yet in the scope of the study and V2V combinations with licensed band not being decided yet it is to be noted that:

· Band 1 3rd harmonic directly interfere with V2V band

· Band 5/19/20/26 7th harmonic directly interfere with V2V band

· Band 28 8th harmonic directly interfere with V2V band

· Band 21 4th harmonic falls only 3MHz below V2V band

· Band 18 7th harmonics falls within less than 60MHz distance to V2V band 

Even if high MSD in some portions of band 46 is acceptable this may not be the case for V2V band as it is dedicated to on-road safety.
Formal study of impact of harmonics of UL licensed band used concurrently to V2V up to 7th harmonic may be needed and relevant requirements assessed.
As it has been decided to investigate only 2nd and 3rd harmonics within 3GPP, in the rest of this document only 2nd and 3rd harmonics cases will be detailed but the proposal of using the HTF bit can apply to any band and thus can also be used for harmonic interference with order higher than 3.

2.1.2.  Interference bandwidths of 2nd and 3rd harmonics.

From [3] it can be seen that the occupied bandwidth of the 2nd and 3rd harmonics can be derived from the initial UL number of RB for different bandwidth definitions in dB: xdB_BW=K*(number of RB)*180kHz

Table 2 provides the value of K for 3, 10, 20 and 30dB bandwidths for 2nd and 3rd harmonics.
Table 2: Harmonic interference bandwidth 
	dB

BW
	Max MSD

(dB)
	H2 BW for 

100RB (MHz)
	H3 BW for

100RB (MHz)
	H2 Bandwidth

multiplier
	H3 Bandwidth

multiplier

	3
	<3
	26
	30
	1.44
	1.67

	10
	3
	33
	47
	1.83
	2.61

	20
	10
	48
	66
	2.67
	3.67

	30
	20
	70
	96
	3.89
	5.33


From this analysis it can be seen that even with as high as 20dB MSD the REFSENS measurement exclusion zone cannot be higher than 5.33 times the UL bandwidth for third harmonic case and 3.89 times the UL bandwidth for second harmonic case which is much lower than the 8 times UL Bandwidth for both harmonics suggested in [1]
More importantly the worst case MSD will be for the case where the 10dB BW of the interfering harmonic would match the received 100 RB (20MHz channel in band 46 DL), given table 2 it will be:

· 10MHz and 15MHz UL for second harmonic

· 10MHz UL for third harmonic

For band 7 the exclusion area only marginally falls into band 46 even in the worst case: 

· at 20 MHz BW the 2xUL of the highest band 7 channel will be at 30MHz offset and the H2 30dB BW will extend to 1/2*70=35MHz thus potentially affecting the first channel of band 36 with a 5MHz overlap
· at 15Mhz BW this will be 25MHz offset and H2 overlap in first band 46 channel is 1.25MHz  

· for UL channel les or equal to 10MHz there is no H2 overlap with band 46 
Observation 3
· Maximum exclusion bandwidth should be 5.5xUL BW centered at 3xUL frequency for band 1/2/3/4/39/66
· Maximum exclusion bandwidth should be 4xUL BW centered at 2xUL frequency for band 41.
· Maximum exclusion is the first channel of band 46 with maximum 5MHz overlap when highest 15MHz or 20MHz UL channel is used in band 7 with 50RB or more allocation.
2.2. Band 46 MSD Analysis for state of the art solution in concurrent 5GHz Wi-Fi and LTE enabled phones.

State-of-the-art high performance UE accounts for concurrent operation with 5GHz Wi-Fi. In this case special attention is already paid to LTE bands UL harmonic leakage to prevent large de-sensitization of the Wi-Fi 5GHz receiver(s). Similarly the 5GHz Wi-Fi Filter and diplexer performance are providing enough protection from the LTE transmit signals to avoid degradation of the Wi-Fi receiver. Previous contributions [1], [2], [4] suggests from 10 to 25dB MSD largely because they did not consider current state-of-the-art UE solutions that already support concurrent operation of LTE and 5GHz Wi-Fi.
2.2.1. Controlled harmonic behaviour of the LTE transmitter 
In order to achieve controlled harmonic behaviour high performance solutions it is preferred to integrate the PA, the duplexers and switches in the same module and optimize the performance by co-designing all elements, properly partitioning performance especially for worst case combinations and careful investigation of leakage paths. Careful design of the PA output matching and its harmonic terminations is also required. Finally, in an integrated module design the ground paths are well controlled and offer options to design better performance at harmonic frequencies, this also applies to the diplexer/triplexer design.
As an example the detailed analysis of band 46 MSD when used in combination with band 1, 7 and 41 is studied.

Assumptions:
· Band 46 REFSENS is still being discussed. We have considered the current assumption of -90dBm for 20MHz channel
· Band 1 UL uses a separate antenna from band 46
· Band 7 and 41 UL share an antenna with band 46 and use a diplexing solution similar to the one used when diplexing high LTE bands with 5GHz Wi-Fi (separate antennas is also calculated for band 41)
· Band 46 receiver performance can be derived from state-of-the-art Wi-Fi 5GHz solutions using front-end modules integrating high performance PA, switch and LNA providing a NF at antenna port of less than 11dB accounting for the extra loss of the 2.4GHz/5GHz ISM band + cellular high bands triplexer which also provides band 46 filtering.
· To simplify calculation the worst case overlap is considered where the 10dB BW of the interferer exactly overlaps with the received channel.

PA harmonics: 

Careful design of the PA output matching and its harmonic termination together with the matching to the duplexer allows all harmonics to be maintained below 45dBc.
Duplexer performance:

Figure 1 below shows the transmit to antenna path transfer function of a band 1 duplexer, measured plot is represented. It demonstrates that in excess of 35dB attenuation for H3 and in excess of 37dB of attenuation for H2 is achievable with good margins for process variations and temperature variations are controlled thanks to TC SAW. For band 41 given the wider bandwidth only 32dB H2 attenuation is considered.
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Figure 1: Wide band measured TX to Antenna transfer function for band 1 filter
Diplexer performance:

Both the Low band/mid band diplexer and the High band/5GHz band diplexer when properly designed can offer an extra 30dB of 2nd and 3rd harmonic protection. In the case of shared antenna only 27dB is considered.
Antenna coupling:
The 5GHz antennas can offer higher isolation between main and diversity path but also to the mid-band main antenna as higher separation distance can be easily accommodated within the UE. 15dB of isolation can thus be assumed.
Band 46 receiver performance:
Based on existing 5GHz Wi-Fi solutions using a front end module with integrated switch + LNA which provide >15dB gain and NF<3dB, a system noise figure <6dB can be achieved together with the transceiver and a very conservative 5dB insertion loss is accounted for triplexer/band 46 filter and traces loss. This enables an 11dB antenna referred Noise Figure, this corresponds to a noise floor of -90.4dBm for a 100RB configuration.

Table 3: De-sense calculations after MRC for bands 1, 7 and 41 (shared antenna or not) 
	
	band
	1
	7
	41
	41

	
	antenna
	main
	div
	main
	div
	main
	div
	main
	div

	
	shared
	N
	N
	Y
	N
	Y
	N
	N
	N

	PA harmonic order
	[-]
	3
	 
	2
	 
	2
	 
	2
	 

	Channel offset
	 [MHz]
	0
	 
	10
	 
	0
	 
	0
	 

	PA H2/3 at max power
	[dBc]
	45
	 
	45
	 
	45
	 
	45
	 

	Duplexer rejection
	[dB]
	35
	 
	37
	 
	32
	 
	32
	 

	Diplexer rejection
	[dB]
	30
	 
	27
	 
	27
	 
	27
	 

	Antenna isolation
	[dB]
	15
	15
	0
	15
	0
	15
	15
	15

	Harmonic at B46 antenna
	[dBm]
	-102
	-102
	-86
	-101
	-81
	-96
	-96
	-96

	In channel level offset
	[dB]
	0
	0
	10
	10
	0
	0
	0
	0

	In channel level
	[dBm]
	-102
	-102
	-96
	-111
	-81
	-96
	-96
	-96

	Noise floor @11dB NF
	[dBm]
	-90.4
	-90.4
	-90.4
	-90.4
	-90.4
	-90.4
	-90.4
	-90.4

	Band 46 composite noise
	[dBm]
	-90.2
	-90.2
	-89.4
	-90.4
	-80.5
	-89.4
	-89.4
	-89.4

	Band 46 de-sense
	[dB]
	0.29
	0.29
	1.07
	0.04
	9.91
	1.07
	1.07
	1.07

	After MRC
	uncor [dB]
	0.29
	0.52
	3.54
	1.07

	Resulting REFSENS
	[dBm]
	-94.2
	-93.9
	-90.9
	-93.4

	band 46 REFSENS spec
	[dBm]
	-90.0
	-90.0
	-90.0
	-90.0

	IM left
	[dB]
	4.2
	3.9
	0.9
	3.4


Table 3 demonstrates that good implementation margin is left at least in some bands and no MSD nor harmonic range exclusion of REFSENS measurement are required. The de-sense level is similar to what is commonly accepted for transmitter leakage in receive band for FDD operation. Note that for band 7 case the de-sense will be even lower given the 5MHz maximum overlap and applies only for the lowest band 46 channel.
Although our calculations show that band 46 de-sense is no longer negligible in the case of band 41 UL it is still possible to implement solutions with negligible de-sense with separate antenna as shown in the last column of the table:

· Band 41 not sharing band 46 antenna and using a triplexer solution on antenna used for mid-bands instead of sharing antenna with 5GHz path
· UEs already supporting 4x4 MIMO and thus allowing complete separation of licensed UL bands antenna paths and unlicensed bands antenna paths
· Further improvement in harmonic suppression

Observation 4
· Harmonic range exclusion of REFSENS measurement is not required for some bands (band 1 and band 7 exampled in this contribution) with controlled harmonic performance.
· Further implementation options may allow solutions to remaining harmonic related issues
2.2.2. Band 46 receiver blocking behaviour

It has been suggested in [4] that although band 42 do not present any UL harmonics within band 46, the LAA receiver will be de-sensed through IMD2 response to the licensed band UL signal. Again current 5GHz Wi-Fi implementations designed for concurrent operation with LTE based on high performance external Wi-Fi front end module with Switch LNA and PAs can provide the 45dB rejection of the licensed band UL signal that is commonly assumed for LTE FDD operation. Such 5GHz Wi-Fi implementation can be fully translated to a LAA receiver.

Band 46 filter/diplexer performance:
Figure 2 demonstrates that commercially available diplexers used for 2.4GHz and 5GHz Wi-Fi have a 5GHz path that can provide in excess of:

· >25dB rejection in band 42
· >30dB rejection in band 7/41
· >35dB for bands <2GHz
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Figure 2: Wi-Fi filter/diplexer performance

Wi-Fi RF front end selectivity:
Figure 3 demonstrates that commercially available 5GHz Wi-Fi RF front-end receive path can offer further rejection:

· >5dB rejection in band 42

· >25dB rejection for bands < 2.7GHz
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Figure 3: Wi-Fi RF front end receive path transfer function

Except band 42 it can be seen that in excess of 50dB of band 46 receiver protection is achievable without the need for further antenna isolation. In case of band 42 again an implementation with a separate antenna will provide the extra 15dB isolation needed.
Observation 5
· Most bands can achieve zero MSD in relation to IMD2 issues if proper band 46 receiver RF front end is used
· Further implementation options may allow solution to remaining issues for band 42.
· It would be beneficial for the network to receive signalling for solutions that do not require MSD especially for bands that do not have an UL harmonic interference issue.
2.3. Limitations in Band 46 usage for LAA DL aggregation with the current approach

The current approach suggesting up to 8 times the UL BW results in up to 160MHz of the 5GHz band 46 being unusable for a given UL channel in licensed band 1/2/3/4/66/41. This is not acceptable as it may result in too little opportunity to use band 46 efficiently given that its availability is already constrained by other factors:
· Channels that are already in use by other LAA or Wi-Fi links in the network

· Channels that are unusable due to coexistence with fixed and frequency hopping weather radars

· Part of band 46 not being available in some regions
· Part of band 46 being reserved due to regulatory requirements: for example the upper part of band 46 being used for V2V application and excluded for LAA services in region 1
· Band 46 is being used in the UE by the 5GHz Wi-Fi UL path that could pre-empt the antenna port in case of shared antenna but would also result in significant de-sense of the entire band 46 in case of separate antennas when in concurrent operation with LAA. Note that LBT at eNodeB does not prevent this.
· Although one could dynamically chose the UL channel to avoid the LAA DL channel that may be left available this may not be part of a given carrier spectrum in the licensed band and in any case results in complicated spectrum management for the LAA enabled eNodeB.

Observation 6
Due to limited opportunity to use the 5GHz spectrum due to external constraints, it is essential that 3GPP enables high performance solutions based on pre-existing products supporting within UE self-coexistence with 5GHz Wi-Fi that does not generate an MSD issue within band 46 and thus enables an efficient LAA deployment.
2.4. Similar issue for V2V band
As can be seen from Table 1 the whole V2V band is affected in a similar way to band 46 when band 1 is used. Note that again the currently suggested up to 160MHz exclusion fully covers the V2V band for almost all the UL channels of band 1 except the first few channels. Note again here that some carriers may not own any available “clean” UL channels in band1.
Observation 7
The V2V band being used for safety services may restrict its usage and not tolerate interfering channels of band 1. 3GPP may want to enable solutions where LTE UL does not interfere with the V2V band in case of either 3GPP V2V or IEEE 802.11p technology deployment.
2.5. Proposed solution using HTF bit to enable high performance LAA solutions

RAN4 has already requested a signaling bit to RAN2 [6] (and specification development is on-going [7]) that signals whether the UE has an harmonic trap filter (HTF bit) allowing specification of two conditions for CA combinations resulting in MSD due to UL harmonics.
Proposal 1
This contribution proposes to use the HTF bit to signal different UE implementations for LAA. The HTF bit is UL licensed band specific:
· HTF=1 for UL licensed bands not requiring any harmonic REFSENS measurement exclusion range in band 46

· HTF=0 for UL licensed bands requiring harmonic REFSENS measurement exclusion range (FFS) in band 46

Proposal 2
This contribution proposes to study if the HTF bit can be used for other cases resulting in MSD:

·  IMDx related issue like for band 46 IMD2 issue with band 42 UL leakage
·  Cases with issues of higher order harmonics (band 11/21 for example)

In this case the bit may have to be renamed to reflect that better MSD is achieved.

3. Conclusion
An improved solution dealing with UL harmonic interference and IMD2 related issues in band 46 for some LAA CA combinations is proposed. It uses the already requested HTF signalling bit to signal to the network and for test solutions requiring REFSENS measurement exclusion range or not.
Proposal 1
This contribution proposes to use the HTF bit to signal different UE implementations for LAA. The HTF bit is UL licensed band specific:

· HTF=1 for UL licensed bands not requiring any harmonic REFSENS measurement exclusion range in band 46

· HTF=0 for UL licensed bands requiring harmonic REFSENS measurement exclusion range (FFS) in band 46

Proposal 2
This contribution proposes to study if HTF bit can be used for other cases resulting in MSD:

·  IMDx related issue like for band 46 IMD2 issue with band 42 UL leakage
·  Cases with issues of higher order harmonics (band 11/21 for example)

In this case the bit may have to be renamed to reflect that better MSD is achieved.
Summary of observations:

Observation 1

· Bands 40 and 42 do not create any harmonic interference in band 46

· Bands 1/2/3/4/25/39/66 3rd harmonics directly interfere with band 46

· Band 41 2nd harmonic directly interfere with band 46

· Band 7 2nd harmonic falls only 10MHz below band 46

· Bands 5/8/11/12/13/14/18/19/20/21/26/27/28 higher order harmonics interfere with band 46

· Band 5 and band 26 6th harmonics falls within less than 60MHz distance to band 46

Observation 2
Although not yet in the scope of the study and V2V combinations with licensed band not being decided yet it is to be noted that:

· Band 1 3rd harmonic directly interfere with V2V band

· Band 5/19/20/26 7th harmonic directly interfere with V2V band

· Band 28 8th harmonic directly interfere with V2V band

· Band 21 4th harmonic falls only 3MHz below V2V band

· Band 18 7th harmonics falls within less than 60MHz distance to V2V band 

Observation 3
· Maximum exclusion bandwidth should be 5.5xUL BW centered at 3xUL frequency for band 1/2/3/4/39/66

· Maximum exclusion bandwidth should be 4xUL BW centered at 2xUL frequency for band 41.

· Maximum exclusion is the first channel of band 46 with maximum 5MHz overlap when highest 15MHz or 20MHz UL channel is used in band 7 with 50RB or more allocation.

Observation 4
· Harmonic range exclusion of REFSENS measurement is not required for some bands (band 1 and band 7 exampled in this contribution) with controlled harmonic performance.

· Further implementation options may allow solutions to remaining harmonic related issues
Observation 5
· Most bands can achieve zero MSD in relation to IMD2 issues if proper band 46 receiver RF front end is used

· Further implementation options may allow solution to remaining issues for band 42.

· It would be beneficial for the network to receive signalling for solutions that do not require MSD especially for bands that do not have an UL harmonic interference issue.
Observation 6
Due to limited opportunity to use the 5GHz spectrum due to external constraints, it is essential that 3GPP enables high performance solutions based on pre-existing products supporting within UE self-coexistence with 5GHz Wi-Fi that does not generate an MSD issue within band 46 and thus enables an efficient LAA deployment.
Observation 7

The V2V band being used for safety services may restrict its usage and not tolerate interfering channels of band 1. 3GPP may want to enable solutions where LTE UL does not interfere with the V2V band in case of either 3GPP V2V or IEEE 802.11p technology deployment.
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