3GPP TSG-RAN WG4 Meeting #80 
R4-165474
Gothenburg, Sweden, 22 – 26 August, 2016

Source: 
Skyworks Solutions Inc.
Title: 
MSD and frequency gap for CA combinations with Band 46
Agenda Item:
5.4.1 - UE RF and EMC [LTE_LAA-Core]
Document for:
Approval
1. Introduction
This contribution provides analysis of band 46 de-sense due to licensed band uplink harmonics as agreed in Nanjing meeting R4-164831 Way Forward [1]. It provides the MSD and frequency gap for the REFSENS test exclusion for all bands captured in the Way forward. Both discrete solution and integrated PA/switch/Filter module solution will be discussed. Calculations will be conducted assuming both off the shelf duplexer performance or duplexers designed with 5GHz WiFi concurrent operation.
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 captured in [1]. Antenna and RF front end architecture supporting the different CA combination is then discussed. Based on the architecture assumption direct harmonic hit MSD is calculated together with resulting frequency gap as defined in [1].               
2.1. Harmonics of licensed band uplink falling in band 46
Table 1: Licensed band UL harmonics
	All Frequencies in MHz
	B46 DL Range 

	Licensed Band
	UL Harmonics
	5150
	5925

	Band #
	UL Range 
	Order
	Range
	Overlap 
	Separation 

	B7
	2500-2570
	x2
	5000-5140
	0
	10

	B40
	2300-2400
	x2
	4600-4800
	0
	350

	B41
	2496-2690
	x2
	4992-5380
	230
	0

	B42
	3400-3600
	x2
	6800-7200
	0
	875

	B1
	1920-1980
	x3
	5760-5940
	165
	0

	B2
	1850-1910
	x3
	5550-5730
	180
	0

	B3
	1710-1785
	x3
	5130-5355
	205
	0

	B4
	1710-1755
	x3
	5130-5265
	115
	0

	B39
	1880-1920
	x3
	5640-5760
	120
	0

	B66
	1710-1780
	x3
	5130-5340
	190
	0

	B11
	1427.9-1447.9
	x4
	5711.6-5791.6
	80
	0

	B21
	1447.9-1462.9
	x4
	5791.6-5851.6
	60
	0

	B8
	880-915
	x6
	5280-5490
	210
	0

	
	
	x7
	6160-6405
	0
	235

	B5
	824-849
	x6
	4944-5094
	0
	56

	
	
	x7
	5768-5943
	157
	0

	B19
	830-845
	x6
	4980-5070
	0
	80

	
	
	x7
	5810-5915
	105
	0

	B13
	777-787
	x7
	5439-5509
	70
	0

	
	
	x8
	6216-6296
	0
	291

	B28
	703-748
	x7
	4921-5236
	86
	0

	
	
	x8
	5624-5984
	301
	0


Table 1 details the LAA DL CA cases where a licensed band UL harmonic falls close or into band 46. Licensed bands considered are those agreed in last meeting Way Forward [1]. The red cells highlights cases of direct harmonic interference indicating the overlap bandwidth, the orange cells highlights cases where separation to the harmonic is < 60MHz and thus de-sense may still be caused by the harmonic skirts.

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

· Bands 1/2/3/4/5/6/11/13/19/21/28/39/41/66 harmonics directly interfere with band 46

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

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

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

As already discussed in R4-163449 [2], from Figure 2 and 3 in R4-162574 [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 allocated 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


Clarification on frequency gap definition

For the Nth harmonic, exclusion BW is supposed to be N*20MHz, the definition of frequency gap is the further BW that is affected on each side. The frequency gap can be negative for example in the case of 7th harmonic if only one band 46 20MHz channel is affected then frequency gap is -60MHz
Frequency gap=(BW of channels with MSD-N*20MHz)/2

From this analysis it can be seen that even with as high as 20dB MSD at for direct harmonic hit 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. For a 100RB UL signal this translates in different REFSENS exclusion frequency gaps (as defined in [1]) which depend on the harmonic order and direct hit MSD, these are given in table 3.
Table 3: frequency gap vs direct hit MSD for H2 and H3 interference for 100RB UL signal
	Direct hit MSD (dB)
	Frequency gap for H2 (MHz)
	Frequency gap for H3 (MHz)

	<3
	-5
	-15

	3
	0
	-5

	10
	5
	5

	20
	15
	20


In the case on band 7 where the direct 2nd harmonic falls 10MHz below the band 46, it can be seen from the H2 spectrum shown in figure 2 in [3] that the interfering power in 20MHz BW at 20MHz offset is attenuated by >20dB compared to direct hit power. In this case MSD in band 46 can only occur if the calculated direct hit MSD is >10dB
Observation 2: in the case of 100 RB UL
· Positive Frequency gap for H2/H3 interference is needed for direct hit MSD>3dB 

· Band 7 UL H2 can cause MSD in band 46 only for calculated direct hit MSD>10dB

2.3. Architecture assumptions for LAA CA combinations.

Optimum architecture for support of both LB/MB/HB LTE CA combinations and LB/MB/HB+B46 LAA CA combinations uses a LB/MB/HB triplexer for the LTE UL antenna side and only band 42 UL shares antenna with B46 receiver.
LB/MB/HB triplexer performance:

Triplexer attenuation in B46 is the following:
· >40dB for LB (Bands 5/8/13/19/28)

· >30dB for MB (Bands 1/2/3/4/11/21/39/66)
· >40dB for HB (Bands 7/40/41)

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.

PCB isolation:
A 65dB PCB isolation is assumed at band 46 frequencies according to [3]. In the case of discrete implementation it limits the filtering capability as the main leakage path may be dominated by the PA harmonic output leaking via the PCB. In the case of fully integrated PA/switch/duplexer module PCB leakage does not dominate.
Band 46 receiver noise performance:
Based on current Band 46 REFSENS of -90dBm for 20MHz channel a 15.4dB NF at band 46 antenna is assumed resulting in a band 46 noise floor in 20MHz of:

-174+10*Log(100*0.18e6)+15.4=-174+72.6+15.4=-86dBm
Taking into account 3dB for diversity gain and -1dB SNR for QPSK this results in the currently assumed -90dBm REFSENS for band 46.
2.4. Band 46 MSD Analysis.
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). Controlled harmonic behaviour of the LTE transmitter is essential in this case as it is also the case to prevent band 46 de-sense.
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:

·  >35dBc for H2
·  >45dBc for H3

·  >50dBc for H4

·  >55dBc for Harmonics >4

It is to be noted that these numbers are valid for single ended design and that balanced design can offer better even harmonics performances.

Duplexer performance:

Duplexer designs optimized for LTE concurrent operation with 5GHz WiFi band offer good TX to Antenna attenuation at band 46 frequencies and design worst case targets are as follows:

· >30dB attenuation for UL bands up to 2GHz (band 1/2/3/4/5/8/11/13/19/21/28/39/66)
· >25dB attenuation for band 7 and 41
2.4.1. MSD analysis for discrete “as is” solution
Table 4 provides MSD and frequency gap calculations for discrete solutions using of the shelf duplexers designed without any requirement for concurrent operation with 5GHz WiFi. The first two rows of the table header is a reminder of the key inputs for calculation that are generic (not UL licensed band dependent). The first two rows of the data table provide the calculation for REFSENS (no interference) and no MSD limit (interference contributing to less than 0.1dB de-sense) which allows to calculate the missing UL harmonic attenuation to meet no MSD (last column). Cells in blue highlight the just miss harmonic cases.

Table 4: MSD and Gap calculation for discrete solution with off the shelf duplexers

	Inputs
	Noise Figure in band 46 [dB]
	15.4
	Antenna isolation [dB]
	15

	
	Noise Floor in band 46 [dBm]
	-86.0
	PCB isolation [dB]
	65

	Band
	harmonic order
	PA harmonic at max power
	Duplexer rejection
	diplexer rejection
	offset for non direct hit
	Harmonic at B46 ant incl PCB leakage
	in channel harmonic level
	composite noise (Noise Floor + interference)
	resulting Refsens
	band 46 Refsens spec
	MSD
	gap
	extra att for no MSD

	[-]
	[-]
	[dBc]
	[dB]
	[dB]
	[dB]
	[dBm]
	[dBm]
	[dBm]
	[dBm]
	[dBm]
	[dB]
	[MHz]
	[dB]

	REFSENS
	-
	-
	-
	-
	0
	-116
	-116
	-86.0
	-90.0
	-90.0
	-0.04
	0
	-15

	noMSD
	-
	-
	-
	-
	0
	-101
	-101
	-85.9
	-89.9
	-90.0
	0.09
	0
	0

	1
	3
	45
	40
	30
	0
	-87
	-87
	-83.5
	-87.5
	-90.0
	2.53
	-5
	14

	2
	3
	45
	19
	30
	0
	-83
	-83
	-81.6
	-85.6
	-90.0
	4.45
	-5
	18

	3
	3
	45
	16
	30
	0
	-82
	-82
	-80.2
	-84.2
	-90.0
	5.77
	-5
	19

	4
	3
	45
	13
	30
	0
	-79
	-79
	-78.4
	-82.4
	-90.0
	7.61
	-5
	22

	5
	7
	55
	9
	40
	0
	-93
	-93
	-85.3
	-89.3
	-90.0
	0.68
	-60
	8

	5
	6
	55
	9
	40
	30
	-93
	-123
	-86.0
	-90.0
	-90.0
	-0.05
	na
	-22

	7
	2
	35
	30
	40
	20
	-77
	-97
	-85.7
	-89.7
	-90.0
	0.29
	5
	4

	8
	6
	55
	20
	40
	0
	-97
	-97
	-85.7
	-89.7
	-90.0
	0.32
	-50
	4

	11
	4
	50
	70
	30
	0
	-92
	-92
	-85.1
	-89.1
	-90.0
	0.94
	-10
	9

	13
	7
	55
	40
	40
	0
	-97
	-97
	-85.7
	-89.7
	-90.0
	0.29
	-60
	4

	19
	7
	55
	9
	40
	0
	-93
	-93
	-85.3
	-89.3
	-90.0
	0.68
	-60
	8

	21
	4
	50
	59
	30
	0
	-92
	-92
	-85.1
	-89.1
	-90.0
	0.94
	-10
	9

	28
	7
	55
	38
	40
	0
	-97
	-97
	-85.7
	-89.7
	-90.0
	0.29
	-60
	4

	28
	8
	55
	38
	40
	0
	-97
	-97
	-85.7
	-89.7
	-90.0
	0.29
	-70
	4

	39
	3
	45
	30
	30
	0
	-87
	-87
	-83.3
	-87.3
	-90.0
	2.70
	-5
	14

	41
	2
	35
	35
	40
	0
	-77
	-77
	-76.5
	-80.5
	-90.0
	9.52
	15
	24

	66
	3
	45
	13
	30
	0
	-79
	-79
	-78.4
	-82.4
	-90.0
	7.61
	-5
	22


Observation 3
As can be seen from this table, standard duplexers designs did not pay attention to the TX to antenna path attenuation in B46 and this results in wide variations of that number:
· HB (band 7/41) attenuation is 30-35dB
· MB (band 1/2/3/4/39/66) attenuation is 13-40dB

· LMB (band 11/21) attenuation is >50dB
· LB attenuation (band 5/8/13/19/28) attenuation is 9-38dB

Observation 4
It can be seen that the duplexer + triplexer attenuation is in the same order of magnitude than the PCB isolation thus in many case PCB isolation is the limiting factor.

2.4.2. MSD analysis for discrete “B46 aware” solution
Table 5 provides MSD and frequency gap calculations for discrete solutions using duplexers designed for concurrent operation with 5GHz WiFi. 
Duplexer performance:

Duplexer designs optimized for LTE concurrent operation with 5GHz WiFi band offer good TX to Antenna attenuation at band 46 frequencies have worst case design targets as follows:

· >30dB attenuation for UL bands up to 2GHz (band 1/2/3/4/5/8/11/13/19/21/28/39/66)

· >25dB attenuation for band 7 and 41

These numbers are still conservative compared to the best cases of the previous chapter.

It can be seen that the duplexer + triplexer attenuation is in the same order of magnitude than the PCB isolation thus in many case PCB isolation is still the limiting factor.

Table 5: MSD and frequency gap calculations for discrete B46 aware duplexer solution
	Inputs
	Noise Figure in band 46 [dB]
	15.4
	Antenna isolation [dB]
	15

	
	Noise Floor in band 46 [dBm]
	-86.0
	PCB isolation [dB]
	65

	Band
	harmonic order
	PA harmonic at max power
	Duplexer rejection
	diplexer rejection
	offset for non direct hit
	Harmonic at B46 ant

incl PCB leakage
	in channel harmonic level
	composite noise (Noise Floor + interference)
	resulting Refsens
	band 46 Refsens spec
	MSD
	gap
	extra att for no MSD

	[-]
	[-]
	[dBc]
	[dB]
	[dB]
	[dB]
	[dBm]
	[dBm]
	[dBm]
	[dBm]
	[dBm]
	[dB]
	[MHz]
	[dB]

	REFSENS
	-
	-
	-
	-
	0
	-174
	-174
	-86.0
	-90.0
	-90.0
	-0.05
	0
	0

	noMSD
	-
	-
	-
	-
	0
	-101
	-101
	-85.9
	-89.9
	-90.0
	0.09
	0
	0

	1
	3
	45
	30
	30
	0
	-87
	-87
	-83.3
	-87.3
	-90.0
	2.70
	0
	14

	2
	3
	45
	30
	30
	0
	-87
	-87
	-83.3
	-87.3
	-90.0
	2.70
	0
	14

	3
	3
	45
	30
	30
	0
	-87
	-87
	-83.3
	-87.3
	-90.0
	2.70
	0
	14

	4
	3
	45
	30
	30
	0
	-87
	-87
	-83.3
	-87.3
	-90.0
	2.70
	0
	14

	5
	7
	55
	30
	40
	0
	-97
	-97
	-85.7
	-89.7
	-90.0
	0.29
	-60
	4

	5
	6
	55
	30
	40
	30
	-97
	-127
	-86.0
	-90.0
	-90.0
	-0.05
	na
	0

	7
	2
	35
	25
	40
	20
	-77
	-97
	-85.7
	-89.7
	-90.0
	0.30
	5
	4

	8
	6
	55
	30
	40
	0
	-97
	-97
	-85.7
	-89.7
	-90.0
	0.29
	-50
	4

	11
	4
	50
	30
	30
	0
	-92
	-92
	-85.0
	-89.0
	-90.0
	1.02
	-10
	9

	13
	7
	55
	30
	40
	0
	-97
	-97
	-85.7
	-89.7
	-90.0
	0.29
	-60
	4

	19
	7
	55
	30
	40
	0
	-97
	-97
	-85.7
	-89.7
	-90.0
	0.29
	-60
	4

	21
	4
	50
	30
	30
	0
	-92
	-92
	-85.0
	-89.0
	-90.0
	1.02
	-10
	9

	28
	7
	55
	30
	40
	0
	-97
	-97
	-85.7
	-89.7
	-90.0
	0.29
	-60
	4

	28
	8
	55
	30
	40
	0
	-97
	-97
	-85.7
	-89.7
	-90.0
	0.29
	-70
	4

	39
	3
	45
	30
	30
	0
	-87
	-87
	-83.3
	-87.3
	-90.0
	2.70
	0
	14

	41
	2
	35
	25
	40
	0
	-77
	-77
	-76.4
	-80.4
	-90.0
	9.63
	15
	24

	66
	3
	45
	30
	30
	0
	-87
	-87
	-83.3
	-87.3
	-90.0
	2.70
	0
	14


Observation 5
From Table 4 which correspond to the minimum requirement scenario it can be seen that:

· The worst case is band 41 case where the H2 level in band 46 results in up to 10dB de-sense and 15MHz frequency gap. 

· In contrast band 7 although being an H2 case benefits of 20dB further reduction due to the fact that the direct hit harmonic center frequency is 20MHz away from band 46, this results in negligible de-sense <0.5dB and a frequency gap of 5MHz (only the first channel of band 46 is affected). It is to be noted that a 4dB improvement of harmonic attenuation would result is no MSD which should be feasible with improved PCB isolation.
· Mid-bands (1/2/3/4/39/66) result in 3dB de-sense thus requiring no frequency gap
· Low mid-bands (11/21) results in a low de-sense value of 1dB thus requiring a negative frequency gap of -10MHz as only the 3 center 20MHz channels at direct hit harmonic frequency are affected.

· Low bands (5/8/13/19/28) result in negligible de-sense of <0.5dB and frequency gap is adjusted such that only the direct hit harmonic channel is suffering MSD. It is to be noted that a 4dB improvement of harmonic attenuation would result is no MSD which should be feasible with improved PCB isolation. 
· For band 5, 6th harmonic being 50MHz away from band 46 benefits from a further 30dB attenuation resulting in no MSD thus no frequency gap is defined.
2.4.3. MSD analysis for PA/switch/Duplexer integrated RFFE module “band 46 design” solution

In order to achieve controlled harmonic behaviour for 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 and avoiding issues with poor PCB isolation. Proper partitioning of performance is needed especially for worst case combinations with 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.

Table 6 provides MSD and frequency gap calculations for integrated PA/Switch/duplexer solutions designed for concurrent operation with 5GHz WiFi.
Table 6: MSD and frequency gap calculations for B46 aware integrated module solution
	Inputs
	Noise Figure in band 46 [dB]
	15.4
	Antenna isolation [dB]
	15

	
	Noise Floor in band 46 [dBm]
	-86.0
	PCB isolation [dB]
	65

	Band
	harmonic order
	PA harmonic at max power
	Duplexer rejection
	diplexer rejection
	offset for non direct hit
	Harmonic at B46 ant incl PCB leakage
	in channel harmonic level
	composite noise (Noise Floor + interference)
	resulting Refsens
	band 46 Refsens spec
	MSD
	gap
	extra att for no MSD

	[-]
	[-]
	[dBc]
	[dB]
	[dB]
	[dB]
	[dBm]
	[dBm]
	[dBm]
	[dBm]
	[dBm]
	[dB]
	[MHz]
	[dB]

	REFSENS
	-
	-
	-
	-
	0
	-174
	-174
	-86.0
	-90.0
	-90.0
	-0.05
	na
	0

	noMSD
	-
	-
	-
	-
	0
	-101
	-101
	-85.9
	-89.9
	-90.0
	0.09
	na
	0

	1
	3
	45
	30
	30
	0
	-97
	-97
	-85.7
	-89.7
	-90.0
	0.29
	-10
	4

	2
	3
	45
	30
	30
	0
	-97
	-97
	-85.7
	-89.7
	-90.0
	0.29
	-10
	4

	3
	3
	45
	30
	30
	0
	-97
	-97
	-85.7
	-89.7
	-90.0
	0.29
	-10
	4

	4
	3
	45
	30
	30
	0
	-97
	-97
	-85.7
	-89.7
	-90.0
	0.29
	-10
	4

	5
	7
	55
	30
	40
	0
	-117
	-117
	-86.0
	-90.0
	-90.0
	-0.04
	na
	0

	5
	6
	55
	30
	40
	30
	-117
	-147
	-86.0
	-90.0
	-90.0
	-0.05
	na
	0

	7
	2
	35
	25
	40
	20
	-92
	-112
	-86.0
	-90.0
	-90.0
	-0.04
	na
	0

	8
	6
	55
	30
	40
	0
	-117
	-117
	-86.0
	-90.0
	-90.0
	-0.04
	na
	0

	11
	4
	50
	30
	30
	0
	-102
	-102
	-85.9
	-89.9
	-90.0
	0.06
	na
	0

	13
	7
	55
	30
	40
	0
	-117
	-117
	-86.0
	-90.0
	-90.0
	-0.04
	na
	0

	19
	7
	55
	30
	40
	0
	-117
	-117
	-86.0
	-90.0
	-90.0
	-0.04
	na
	0

	21
	4
	50
	30
	30
	0
	-102
	-102
	-85.9
	-89.9
	-90.0
	0.06
	na
	0

	28
	7
	55
	30
	40
	0
	-117
	-117
	-86.0
	-90.0
	-90.0
	-0.04
	na
	0

	28
	8
	55
	30
	40
	0
	-117
	-117
	-86.0
	-90.0
	-90.0
	-0.04
	na
	0

	39
	3
	45
	30
	30
	0
	-97
	-97
	-85.7
	-89.7
	-90.0
	0.29
	-10
	4

	41
	2
	35
	25
	40
	0
	-92
	-92
	-85.0
	-89.0
	-90.0
	1.02
	0
	9

	66
	3
	45
	30
	30
	0
	-97
	-97
	-85.7
	-89.7
	-90.0
	0.29
	-10
	4


Observation 6
From Table 5 which correspond to an optimum integrated module scenario it can be seen that:

· No MSD can be found at low band (5/8/13/19/28)

· No MSD can be found at mid low band (11/21)

· No MSD can be found at just miss scenarios band 7 and band 5

· Negligible MSD <0.5dB occurs at mid bands (band 1/2/3/4/39/66) where 4dB lower harmonic would result in no MSD
· Only band 41 still results in non-negligible (1dB) MSD.
3. Conclusion
Using a triplexer approach for all but band 42 for licenced band with LAA CA combinations with band 46, only band 42 UL shares an antenna with one band 46 receiver, this architecture is optimum for both Mid/low/High LTE CA combinations and LAA combinations with band 46. Based on integrated module approach no or negligible MSD can be achieved for most bands but band 41.
Proposal:

Based on above study for discrete approach utilising duplexer designed for WiFi/B46 concurrent operation the following minimum requirements for frequency gap and corresponding MSD in table 7 are proposed for approval:

Table 7: proposed MSD and frequency gap

	Band
	harmonic order
	MSD [dB]
	Gap [MHz]

	1
	3
	3
	-5

	2
	3
	3
	-5

	3
	3
	3
	-5

	4
	3
	3
	-5

	5
	7
	0.5
	-60

	5
	6
	no harmonic related MSD 

	7
	2
	0.5
	5

	8
	6
	0.5
	-50

	11
	4
	1
	-10

	13
	7
	0.5
	-60

	19
	7
	0.5
	-60

	21
	4
	1
	-10

	28
	7
	0.5
	-60

	28
	8
	0.5
	-70

	39
	3
	3
	-5

	40
	2
	no harmonic related MSD 

	41
	2
	10
	15

	42
	2
	no harmonic related MSD 

	66
	3
	3
	-5
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