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1 Introduction
Issues on in-device coexistence of LTE with ISM technologies (WLAN and Bluetooth) and GPS receivers have been discussed in both RAN4 and RAN2 as a study item. RAN4 has discussed the coexistence interference level between LTE and ISM and its impact on the receiver performance via either RF analysis [1], [2], [3], or experiments [4]. However, assessing the transmit out-of-band emission level based on the spectrum emission mask [1] can give only the approximate interference level. Similarly, the analysis on receiver desensitization in [2] is somewhat hypothetical since the LNA input would be saturated with the high level coexistence interference. Additionally, the analysis’s in [2], [3] were performed assuming the worst case scenarios where the aggressor transmits at maximum power and the victim receives at sensitivity. 

In this contribution, we present the expected interference levels for the coexistence of Band 40 (2300~2400 MHz) and ISM (2400~2483.5 MHz), and also for Band 7 uplink (2500~2570 MHz) and ISM in various scenarios (e.g. different transmit power levels, switching between two RF front-end filters). The analysis is based on the fact that transmit emission performances of typical LTE, WLAN, and Bluetooth radios have 10 to 15dB margins compared to specification limits.
2 Coexistence Interference Analysis
Table 1. Assumptions for RF analysis

	Parameters
	Values

	Antenna isolation
	12 dB

	LTE
	Channel bandwidth
	20MHz, assuming full bandwidth transmission

	
	Transmit power
	-40 dBm ~ 23dBm

	
	Sensitivity
	-94 dBm for Band 40, -92dBm for Band 7

	
	Receiver compression point
	-25 dBm

	
	Transmit out-of-band/spurious emission
 
	-50 dBm/MHz for the transmit power of 23dBm

	WLAN
	Channel bandwidth
	22 MHz

	
	Average transmit power
	20dBm 
, 14.5dBm 


	
	Sensitivity 
	-89dBm 2, -76dBm 3

	
	Receiver compression point
	-27 dBm

	
	Transmit out-of-band/spurious emission1 
	-50 dBm/MHz for the transmit power of 20dBm

	Bluetooth

[5]
	Channel bandwidth
	1 MHz

	
	Transmit power (Bluetooth Power Class 2) 
	Maximum: 4 dBm, Nominal: 0 dBm

Minimum: -6 dBm

	
	Sensitivity
	-70 dBm

	
	Receiver compression point
	-27 dBm

	
	Transmit out-of-band/spurious emission1
	-55 dBm/MHz for the transmit power of 4dBm


Table 2 Average attenuation in the ISM bandpass filter
	Freq. (MHz)
	2300-2370
	2360-2380
	2380-2400
	2500-2502
	2502-2570
	2500-2520

	Average attenuation
	45
	39
	4
	40
	51
	48


Table 3 Average attenuation in the LTE Band 40 bandpass filter
	Freq. (MHz)
	2402-2414
	2415-2417
	2418
	2419-2480

	Average attenuation
	10
	35
	40
	50


Table 4 Average attenuation in the LTE Band 7 bandpass filter
	Freq. (MHz)
	2400-2468
	2468-2473
	2473-2483

	Average attenuation
	43
	47
	25


Table 1 shows RF parameters assumed for the coexistence interference analysis. FBAR filters [6], [7] are considered as RF front-end filters. Table 2−Table 4 summarize the average attenuation of ISM, LTE Band 40, and LTE Band 7 filters, respectively. Note that the ISM band filter response requires a 20~30 MHz guard band in upper Band 40. The LTE Band 40 filter transition and stop band response is assumed to be similar to the ISM band filter, but it is shifted downward with a pass band in 2300~2400 MHz.
2.1 Coexistence between LTE Band 40 and ISM band

In this section, the coexistence interferences between LTE Band 40 and ISM signals are investigated. If LTE transmits during reception of WLAN/Bluetooth (BT) signals, LTE in-band signal attenuated by ISM band Rx filters and LTE out-of-band emission that falls in the ISM band receiver can cause the interference in WLAN/Bluetooth receivers. Similarly, WLAN/BT transmit signals can block or desense the LTE receiver.
2.1.1 LTE aggressor to WLAN
Table 5 in Appendix presents LTE blocking levels to WLAN/BT receivers for different LTE transmit powers and operating channel bands in LTE Band 40 and Band 7. As shown in Table 5, a cell-edge UE transmitting with 23dBm maximum power in the uppermost 20MHz channel band of Band 40 can result in the maximum 7dBm out-of-band blocking interference at the WLAN/Bluetooth receiver. The LTE transmit power level needs to be limited for the simultaneous operation with ISM (reception) if the LTE transceiver is operated in upper 20MHz of Band 40. The maximum allowed LTE transmit power for the coexistence varies depending on the blocking characteristics of WLAN/BT receivers. 
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	(a) LTE Tx Power = 23 dBm
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	(b) LTE Tx Power = 15 dBm
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	(c) LTE Tx Power = 0 dBm


Figure 1. WLAN receiver desense levels (dB) due to LTE transmission. .
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Figure 2. WLAN receiver desense levels (dB) due to LTE transmission when switching between two LTE band pass filters. LTE Tx Power = 23 dBm. .
Figure 1 presents desense levels in WLAN receivers due to LTE blocking and out-of-band/spurious emission for LTE transmit power levels of 23dBm, 15dBm, and 0dBm. In practice, when a strong blocking signal exists at the LNA input, the AGC algorithm reduces the receiver front end gain to avoid LNA saturation, which results in a noise floor increase at the receiver. In our analysis, we assume a noise floor increase of 4dB per 5 dBm of blocking above blocking requirements. 

We observe from Figure 1 that if LTE operated in 2300-2380 MHz transmits with the maximum power level of 23dBm, the entire ISM band has severe desensitization and signal quality degradation. In Figure 1 (a), although the sensitivity degradation in WLAN Channel 5-Channel 11 caused by LTE operation in 2380-2400 MHz is expected to be smaller than in WLAN Channel 1 or 2, the received WLAN signal in Channel 5-11 is likely to suffer from poor signal quality due to the receiver operating in the non-linear region. Figure 1 (c) shows that if the LTE transmit power is reduced from 23dBm to 0dBm in 2380-2400 MHz, the coexistence with WLAN Channel 5-11 seems feasible and further, WLAN operation in Channel 3-4 may have acceptable performance with lower data rates.
LTE operated in 2300-2380 MHz with the maximum 23 dBm transmit power causes desense higher than 10dB for Channel 1-3 due to the transition band of LTE Band 40 filter not attenuating sufficiently the OOB/spurious emissions. If the device is operated as a WLAN Access Point (AP), the WLAN AP can avoid using Channel 1-3. WLAN station (STA) on Channel 1-3 preferably needs TDM or FDM coexistence solutions. On the other hand, Figure 1 (c) demonstrate that with LTE transmit power of 0dBm coexistence with WLAN Channel 3 may be possible. Additionally, limitations on the resource allocation (e.g., limiting the number of RBs and position away from ISM band-edge) which directly impact the OOB emissions can be used to reduce dense to WLAN channels 1-3. LTE transmission with 23dBm transmit power are typically associated with cell-edge UEs with smaller resource allocations which should further reduce the dense to WLAN channels 1-3.
Figure 2 shows WLAN receiver desense levels when the LTE transceiver employs switching between two band pass filters, that is, pass bands of 2300-2400 MHz and 2300-2380 MHz. LTE transmission in 2300-2380 MHz results in negligible sensitivity degradation for all WLAN channels by using the alternative band pass filter of pass band 2300-2380MHz. 
2.1.2 WLAN aggressor to LTE
Figure 3 and Figure 4 present LTE receiver desense levels caused by simultaneous WLAN transmission. LTE in 2380-2400 MHz seems to be unusable due to severe sensitivity degradation if WLAN is transmitting in the 2.4GHz ISM band. WLAN in Channel 1-2 (2401-2428 MHz) transmitting with 20dBm transmit power causes 10dB or higher desense on the entire LTE Band 40 due to WLAN blocking to LTE. If WLAN STA uses Channel 1-2, an FDM (moving LTE frequency away from the ISM band) only approach may not solve the coexistence interference issue. We can observe in Figure 4 that switching between two LTE front-end filters results in manageable desense levels for LTE 2300-2380 MHz band irrespective of location of WLAN channel. Alternatively, WLAN transmit power reduction to avoid LTE saturation or a TDM approach may be preferable.
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	(a) WLAN Tx Power = 20 dBm
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	(b) WLAN Tx Power = 14.5 dBm


Figure 3. LTE receiver desense levels (dB) due to WLAN transmission. 
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Figure 4. LTE receiver desense levels (dB) due to WLAN transmission when switching between two LTE band pass filters. WLAN Tx Power = 20 dBm. 
2.1.3 LTE aggressor to Bluetooth (BT)
Figure 5 and Figure 6 show BT receiver desense levels due to simultaneous LTE transmission. For LTE operated in 2380-2400 MHz with the maximum transmit power, the coexistence interference cannot be avoided by BT adaptive frequency hopping (AFH) due to high BT desense levels for all the BT channels. For LTE in 2300-2380 MHz, simultaneous operation of LTE and BT is feasible via BT AFH with BT avoiding Channels 1-15. Further, the coexistence between LTE in 2300-2380MHz and any BT channel band including Channel 1-15 becomes feasible by using the LTE transmit filter of pass band 2300-2380 MHz as shown in Figure 6. 
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	(a) LTE Tx Power = 23 dBm
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	(b) LTE Tx Power = 15 dBm
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	(c) LTE Tx Power = 0 dBm


Figure 5. BT receiver desense levels (dB) due to LTE transmission. 

		BT
	Channel 
1-13

	Channel 14-16

	Channel 17

	Channel 18-19

	Channel 20-79


		 

	2402-2414

	2415-2417

	2418

	2419-2420

	2421-2480


		2380-2400

	>16
	>16
	>16
	>16
	>16

	LTE

	2360-2380

	0
	0
	0
	0
	0

		2300-2360

	0
	0
	0
	0
	0


	


Figure 6. BT receiver desense levels (dB) due to LTE transmission when switching between two LTE band pass filters. LTE Tx Power = 23 dBm. 
2.1.4 Bluetooth aggressor to LTE
Figure 7 and Figure 8 present LTE receiver desense levels from BT transmission. Since BT maximum transmit power is relatively low compared to WLAN or LTE, LTE desense levels are less than 10dB for LTE 2300-2380 MHz. For LTE in 2380 – 2400 MHz, an FDM or TDM solution is needed to overcome the interference from insufficient attenuation by the ISM filter of BT out-of-band emission.
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	(a) Bluetooth Tx Power = 4 dBm
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	(b) Bluetooth Tx Power = 0 dBm


Figure 7. LTE receiver desense levels (dB) due to BT transmission. 
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Figure 8. LTE receiver desense levels (dB) due to BT transmission when switching between two LTE band pass filters. BT Tx power =4dBm. 

2.2 Coexistence between LTE Band 7 and ISM band

In this section, the impact of LTE transmission in Band 7 uplink (2500-2570MHz) on ISM receivers is investigated. Note that there is a ~17dB guard band between the upper ISM band-edge and lower band-edge of LTE Band 7. Thus, the Band 7 filter has a roll-off/transition region in 2480 -2500MHz. As shown in Table 5 in Appendix, the LTE blocking level at WLAN/BT LNAs is small enough to avoid saturation. Figure 9 and Figure 10 show WLAN/BT receiver desense levels, respectively, when LTE is transmitting with the maximum power of 23dBm. Although a WLAN STA on Channel 12-13 may require triggering interference avoidance mechanisms, the desense level is manageable for most of the cases. This is because of the guard band of ~17dB between ISM band and LTE band 7. Additionally, limitations on the resource allocation (e.g., limiting the number of RBs and position away from ISM band-edge) which directly impact the OOB emissions can be used to reduce dense to WLAN channels 12-13. LTE transmission with 23dBm transmit power are typically associated with cell-edge UEs with smaller resource allocations which should further reduce the dense to WLAN channels 12-13 compared to values shown in Figure 9.
In summary, Band 7 uplink and ISM band coexistence can be easily achieved by using current state-of-art filters.
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Figure 9. WLAN receiver desense levels (dB) due to LTE transmission. LTE Tx Power = 23 dBm. 
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Figure 10. Bluetooth receiver desense levels (dB) due to LTE transmission. LTE Tx Power = 23 dBm.
3 Conclusions

In this paper, we analyzed the coexistence interference level between Band 40 and ISM, and Band 7 and ISM, for different transmit powers of aggressors and bandpass filters. The coexistence interference level and its impact on the receiver performance depends on transmit power and receiver blocking characteristic of each radio and physical characteristics of transceivers (e.g. filter responses, antenna isolation, etc.). The following conclusions can be drawn from the analysis:

· For most cases, we observe that frequency-domain solutions - moving to different frequencies and filtering with 20MHz guard band (Band 7, dual-filter Band 40 2300-2380MHz) can sufficiently suppress the coexistence interference. 
· For the upper-most region of LTE Band 40, 2380-2400 MHz, LTE transmitting with the maximum power of 23dBm can block the WLAN/Bluetooth signal in the entire ISM band. Limiting the maximum LTE transmit power below 23dBm, moving LTE signal away from ISM, or time-division multiplexing need to be considered. 
· For 2300-2380 MHz of LTE Band 40, WLAN/BT desense due to the LTE coexistence interference may be acceptable except for lower 20MHz of ISM band given current state-of-the art FBAR filters and that device out-of-band/spurious emission, sensitivity, and blocking performances of implementations are typically better than specification limits. Additionally, limitations on the resource allocation (e.g., limiting the number of RBs and position away from ISM band-edge) which directly impact the OOB emissions can help reduce dense to the lower 20MHz of ISM band. 
· A dual filter (switch between two RF front-end filters) solution in LTE Band 40 is considered which can significantly reduce the BT/WLAN desense level for the lower 20MHz of ISM band.
· LTE transmit power control (typically power level below the maximum 23 dB) can further help mitigate/reduce the coexistence interference. 
· Large dense to LTE 2380-2400 MHz due to WLAN/BT transmission in the ISM band may require either TDM between LTE operated in 2380-2400 MHz and BT/WLAN in the ISM band or moving an LTE frequency from the ISM band to be considered. 
· Use of WLAN Channel 1-2 (WLAN STA) require either TDM or dual filter solutions to prevent blocking of LTE Band 40. The dual filter solution would give more flexibility on LTE Band 40 and ISM simultaneous operation without compromising the system performance of both ISM and LTE, however with an increased cost for UE implementation. 
· Coexistence interference in the ISM band is significantly reduced due to the presence of a 17MHz guard band between LTE Band 7 uplink and ISM band and by using current state-of-art filters. Practical resource allocation (LTE transmission with 23dBm transmit power are typically associated with cell-edge UEs with smaller resource allocations) and/or resource allocation limitations (e.g., limiting the number of RBs and position away from ISM band-edge) which directly impact the OOB emissions can further reduce the LTE interference primarily impacting the WLAN Channels 12-13 near the upper ISM band-edge.  
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5 Appendix

Table 5 LTE blocking levels to Bluetooth/WLAN receivers for different LTE transmit powers and operating channel bands

	LTE Tx
Power (dBm)
	Blocking with FBAR (dBm)

	
	2300-2370 (MHz)
	2360-2380
(MHz)
	2380-2400
(MHz)
	2500-2520
(MHz)
	2520-2570
(MHz)

	23
	-34
	-28
	7
	-37
	-40

	21
	-36
	-30
	5
	-39
	-42

	19
	-38
	-32
	3
	-41
	-44

	17
	-40
	-34
	1
	-43
	-46

	15
	-42
	-36
	-1
	-45
	-48

	13
	-44
	-38
	-3
	-47
	-50

	11
	-46
	-40
	-5
	-49
	-52

	9
	-48
	-42
	-7
	-51
	-54

	7
	-50
	-44
	-9
	-53
	-56

	5
	-52
	-46
	-11
	-55
	-58

	3
	-54
	-48
	-13
	-57
	-60

	1
	-56
	-50
	-15
	-59
	-62

	-1
	-58
	-52
	-17
	-61
	-64

	-3
	-60
	-54
	-19
	-63
	-66

	-5
	-62
	-56
	-21
	-65
	-68

	-7
	-64
	-58
	-23
	-67
	-70

	-9
	-66
	-60
	-25
	-69
	-72


� The assumption for the emission level is valid for the frequency region with 20MHz or larger distances from the edge of channel band.


� 802.11b, 11Mbps CCK


� 802.11g, 54Mbps OFDM
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