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1 Introduction

In this contribution, we provide system level analysis for VoIP traffic in Public Safety out of network coverage scenario. In particular, we compare system performance for two RSRP threshold values (received power) used as the criterion to associate D2D receivers to broadcast D2D transmitters, as defined in [1]. At the RAN1#75 meeting, it was proposed to reconsider the agreement on -112 dBm RSRP for D2D system level evaluations. The corresponding e-mail discussion was conducted over the RAN1 e-mail reflector [2], where it was proposed to increase the RSRP threshold up to the level -107 dBm. The following conclusion was reached during RAN1 e-mail discussion: 

· Two RSRP thresholds are considered as the working assumption for simulation of D2D communication: -112dBm and -107dBm. Companies are encouraged to provide results based on these values.
In the following sections of this contribution, we provide system and link level analysis for two RSRP threshold values (-112 dBm and -107dBm) for VoIP traffic. 
2 Discussion on RSRP Value
According to [1], “the RSRP is calculated for transmit power of 23dBm and is the received power at the receiver UE calculated after accounting for large scale path loss and shadowing”. In other words, RSRP may be considered as the minimum requirement on D2D broadcast communication link budget. The -112dBm value was calculated using the typical UE equipment model: 1 TX antenna, 1 RX antenna, 0 dBi antenna gain at both RX and TX sides, 9dB noise figure. It results in 0dB SNR when UE transmits at maximum power level 23dBm, occupying one physical resource block (180 kHz bandwidth) for transmission. Clearly, such a low RSRP threshold value aims to emulate link limited conditions, ensuring long range D2D communication, which is one of the main requirements for public safety use cases.

2.1 Implications on PHY 
The minimum RSRP value requirement has many implications on D2D physical layer design. First of all, assuming that synchronous protocols are used for D2D communication, it needs to be ensured that reliable synchronization can be achieved in non-line of sight conditions. In addition, the D2D discovery service, if enabled should also guarantee that terminal can be reliably discovered by the receiver at the -112dBm received power. Additionally, all control channel signaling, if defined, and data communication for given target data rate should meet the minimum RSRP requirement, if feasible.

· The minimum RSRP value has significant implication on D2D physical layer design.

· All D2D functions such as synchronization, discovery and communication including data and control signaling should reliably operate at the minimum RSRP requirement in order to have balanced system behavior.

2.2 VoIP Capacity vs. Coverage Considerations

The minimum RSRP requirement has impact on VoIP capacity (i.e. number of orthogonal spectrum resources or number of orthogonal VoIP transmissions from the co-channel interference perspective) and VoIP coverage (number of receivers that can be covered by single broadcast transmitter with given PER). It is obvious that -112dBm RSRP requirement will consume more spectrum resources in order to reach distant receivers, assuming the same amount of information transmitted. The -107dBm RSRP will require less spectrum resources and thus more orthogonal VoIP sessions can be supported, but the number of covered receivers for each VoIP session will be reduced substantially since distant users will not be able to receive VoIP traffic due to link level limitations.
Considering VoIP communication as a baseline traffic (target data rate) for public safety, it can be easily shown that there is no physical limitation to support VoIP data rate at -112dBm RSRP value. The AMR 12.2 kbit/s codec produces 328 bits every 20 ms during talk spurt. Adding 24 bits CRC will results in PHY data rate equal to 352 bits / 20 ms = 17.6 kbits/s. It means that roughly 18 kbits/s data rate should be supported at 0dB SNR and 180 kHz frequency bandwidth. This data rate is ten times less than theoretical limit equal to 180 kbits/s. This simple calculation clearly shows that VoIP service may be supported for -112dBm RSRP with sufficient margin and large number of time-frequency channels available for VoIP transmission in 10MHz LTE bandwidth. It can be seen that transmission over several milliseconds is required for one VoIP packet in order to operate at -112 dBm RSRP level (see Table 1). Taking into account practical overhead on cyclic prefix and reference signals at least three TTIs will be need to operate VoIP at -112 dBm level. The relaxed -107 dBm RSRP requirement will require lower amount of spectrum resources. Similar capacity-based calculations can show that 1 TTI and 2 PRBs can be used to operate VoIP service at -107 dBm RSRP. 
Table 1: Theoretical amount of bits that can be carried using different resource granularity and RSRP values. 
	
	1 TTI (1 ms)
	2 TTIs (2ms)
	3 TTIs (3ms)
	

	1 PRB 
(180 kHz)
	370 bits
	740 bits
	1110 bits
	-107 dBm (SNR 5 dB)

	
	180 bits
	360 bits
	540 bits
	-112 dBm (SNR 0 dB)

	2 PRBs 
(360 kHz)
	493 bits
	986 bits  
	1479 bits
	-107 dBm (SNR 2 dB)

	
	211 bits
	422 bits
	633 bits
	-112 dBm  (SNR -3 dB)


Note: Analysis is done assuming single RX antenna and does not take into account overhead for CP and reference signal transmission.
· For different RSRP values there is a fundamental tradeoff between VoIP capacity and coverage.

· Simple capacity based calculation for VoIP data rate in AWGN channel shows that:
· For -112dBm RSRP level, at least three TTIs are required for transmission of one VoIP packet using one PRB.
· For -107dBm RSRP level, one VoIP packet can be transmitted in one TTI, but requires at least two PRBs. 
· From the link level perspective, the VoIP transmission range over D2D link may be further increased by utilizing more TTIs, however further study is needed from the system perspective due to half-duplex constraints and in-band emission problem.
2.3  Half-Duplex Problem
In case of half-duplex operation, the transceiver cannot transmit and receive simultaneously. The more TTIs are utilized for transmission of one VoIP packet, the less amount of time-multiplexed resources are left for reception by active transmitter itself. For instance, if only one TTI is used for VoIP packet transmission by all transmitters, then up to 19 time multiplexed resources (TTIs) can be utilized per 20ms interval for reception by each transmitter. When 4 TTIs are utilized for transmission of one VoIP packet, then only 4 time multiplexed resources (each composed from 4 TTIs) can be used for reception by each active transmitter.
· The half-duplex problem is more challenging for lower RSRP values, since more TTIs are needed to satisfy RSRP requirement and thus amount of time resources left for reception from other active transmitters is reduced.

In general, half-duplex problem may be addressed by system level solutions, e.g. relaying, when one or several nodes retransmit data reliably received from other nodes. However, relaying is out of the current study scope and needs to be further analyzed. When multiple TTIs are utilized for transmission of one VoIP packet the half-duplex problem may be reduced by transmitting in partially overlapped in time resources, although it will reduce the communication range between transmitters.
2.4 Co-Channel and In-Band Emission Interference Problem
The co-channel and in-band emission problems are also affected by the minimum RSRP threshold. The more TTIs is required for single packet transmission, the more challenging to avoid in-band emission. The lower the RSRP threshold the less amount of orthogonal “co-channel” resources is available and thus the more severe co-channel interference problem due to decreased reuse factor.
The in-band emission problem can be resolved only through the time-multiplexing approach, when transmitters utilize orthogonal time resources in order to avoid impact from in-band emission interference. When amount of active transmitters in considered proximity area exceeds the amount of available time resources the in-band emission and half-duplex problems may become unavoidable. 
· The lower RSRP values decrease the amount of orthogonal spectrum resources and increase co-channel and in-band emission problems. 

· The overall performance may significantly depends on the amount of active transmitters and deployment scenario.
3 Link Budget and Amount of VoIP Channels  
In our companion contribution [3], we have conducted link level analysis in order to check the amount of TTIs needed to ensure reliable VoIP communication at the link level in frequency selective channels. We have studied different allocations with frequency hopping and periodical transmission in time in order to extract time, frequency or time and frequency diversity gains. Our maximum coupling loss analysis presented in [3] has shown that in order to meet 2% PER requirement over ensemble of channel realizations the following number of TTIs is needed:
· For -112dBm RSRP level
· From 4-6 TTIs are needed depending on mobility scenario and time/frequency diversity scheme
· For -107 dBm RSRP level

· From 2-4 TTIs are needed depending on mobility scenario and time/frequency diversity scheme
· Frequency hopping is beneficial and brings significant performance gain relative to localized transmissions. Additional time diversity provides relatively small incremental gains for low-mobility scenario.
· The following bounds on the amount of orthogonal VoIP channels in 10MHz LTE bandwidth can be derived assuming 3 PRB frequency allocation:
· For -112 dBm RSRP value using 4 TTIs for transmission of one VoIP packet
· up to 80 orthogonal VoIP channels may be utilized 

· up to 5 VoIP time-multiplexed channels may be utilized w/o in-band emission problem

· For -107 dBm RSRP value using 2 TTIs for transmission of one VoIP packet
· up to 160 orthogonal VoIP channels may be utilized 
· up to 10 VoIP time-multiplexed channels may be utilized w/o in-band emission problem

In our view, 80 orthogonal VoIP time frequency channels is sufficient for majority of the public safety use cases and the decision should be derived based on VoIP transmission range considerations. It is also confirmed by our analysis of the average amount of coupled transmitters, i.e. transmitters within RSRP range which is provided in Table 2 and confirms that there is no VoIP channel capacity problem for PS use cases. 
Table 2: Average number of active transmitters within transmitter RSRP range.
	
	3 TXs per cell
	9 TXs per cell

	
	-112 dBm
	-107 dBm
	-112 dBm
	-107 dBm

	PS Uniform Outdoor user drop
	8.88
	5.25
	27.01
	15.95

	PS Hotspot Outdoor user drop
	9.27
	5.76
	27.70
	17.22

	PS Indoor-Outdoor user drop
	1.33
	1.05
	4.07
	3.26


Given that there is no limitation in VoIP capacity, the VoIP coverage range becomes of higher importance. The significant loss in terms of number of covered receivers may not be acceptable for many public safety use cases.
4 System Level Analysis
In this section, we analyze the amount of D2D receivers covered by D2D transmitters in different PS deployment scenarios using different RSRP threshold values. For analysis, we consider random and greedy (over frequency) algorithms for resource selection. The VoIP traffic is considered as the most critical service for public safety out of network coverage scenario. For transmission of one VoIP packet we use two allocations either: 1) 3 PRBs and 4 TTIs and 2) 3 PRBs and 2 TTIs. The packet is consecutively transmitted in one of the 16 frequency channels. The frequency hopping is applied in each subframe. The analysis was conducted for all PS deployment scenarios using 3 and 9 TXs per cell. The results for 3 TXs and 9 TXs per cell are shown in Figure 2 and Figure 3 respectively (see appendix for the 9 TXs case). For each of the figures, we also show an upper bound curve which reflects the number of receivers associated to D2D transmitter using RSRP association criteria.
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	Indoor-Outdoor Mix (80% Indoor, 20% Outdoor)
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	Figure 2. System level analysis of the VoIP traffic in out of network coverage PS scenarios (3 TXs per sector)
 a) CDF of the number of covered UEs (RXs) by VoIP transmission for RSRP = -112 dBm threshold; 
b) CDF of the number of covered UEs (RXs) by VoIP transmission for RSRP = -107 dBm threshold.


· The significant reduction of the amount of covered D2D receivers is observed when RSRP value is increased from -112 dBm to -107 dBm.
· In particular we observe, the following average reduction of the number of covered receivers in different deployment scenarios when 4TTIs are utilized for packet transmission.
· Uniform Outdoor: from 75 to 50 covered RXs, i.e. 50% reduction 
· Hotspot Outdoor: from 65 to 50 covered RXs, i.e. 30% reduction
· Indoor-Outdoor mix: from 12 to 10 RXs, i.e. 20% on average
· The greedy and random algorithms for resource selection show very close performance characteristics in terms of statistic of the number of covered UEs.
· RAN1 needs to discuss and agree on the single RSRP value that should be used for further evaluation and D2D communication design for public safety use cases.
Our link level analysis has shown that -112 dBm is feasible RSRP level but may require transmission of up to 6 TTIs in NLOS channel conditions to ensure reliable VoIP communication. The usage of 6 TTIs increases the half-duplex and in-band emission problems. In our view, there should be a compromise between the ability of D2D device to transmit/receive and D2D coverage range. At the same time we should do analysis for noise limited conditions, therefore we recommend to agree on -110 dBm value. In terms of link budget [3], the -110dBm RSRP requires 4 TTIs for transmission of one VoIP packet with enabled frequency hopping.
· Agree on -110 dBm RSRP for further D2D studies and system design.

5 Conclusions

In this contribution, we provided link and system level analysis of VoIP peer-to-peer communication in different public safety scenarios. We analyzed random and greedy resource selection schemes and amount of spectrum resources per one VoIP packet transmission in order to reliably operate at considered RSRP values -112 dBm and -107 dBm. Based on the analysis presented in this paper we draw following conclusions. First of all there is no physical limitation to use -112dBm RSRP for public safety VoIP communication. This RSRP value results in large number of orthogonal VoIP channels, but may require up to 6 TTIs for transmissions and thus may not be reasonable from the half-duplex and in-band emission perspective. On the other hand adoption of -107 dBm threshold will substantially reduce the amount of receivers covered by D2D transmitter. Given that communication range is one of the most critical metrics for public safety use cases, we propose to slightly reduce RSRP value to -110dBm value. In summary we have the following observations and proposals:
· The minimum RSRP value has significant implication on D2D physical layer design.

· All D2D functions such as synchronization, discovery and communication including data and control signaling should reliably operate at the minimum RSRP requirement in order to have balanced system behavior.

· For different RSRP values there is a fundamental tradeoff between VoIP capacity and coverage.

· Simple capacity based calculation for VoIP data rate in AWGN channel shows that:

· For -112dBm RSRP level, at least three TTIs are required for transmission of one VoIP packet using one PRB.

· For -107dBm RSRP level, one VoIP packet can be transmitted in one TTI, but requires at least two PRBs. 

· From the link level perspective, the VoIP transmission range over D2D link may be further increased by utilizing more TTIs, however further study is needed from the system perspective due to half-duplex constraints and in-band emission problem.
· The half-duplex problem is more challenging for lower RSRP values, since more TTIs are needed to satisfy RSRP requirement and thus amount of time resources left for reception from other active transmitters is reduced.

· The lower RSRP values decrease the amount of orthogonal spectrum resources and increase co-channel and in-band emission problems. 

· The overall performance may significantly depends on the amount of active transmitters and deployment scenario.

· For -112dBm RSRP level

· From 4-6 TTIs are needed depending on mobility scenario and time/frequency diversity scheme
· For -107 dBm RSRP level

· From 2-4 TTIs are needed depending on mobility scenario and time/frequency diversity scheme
· Frequency hopping is beneficial and brings significant performance gain relative to localized transmissions. Additional time diversity provides relatively small incremental gains for low-mobility scenario.

· The following bounds on the amount of orthogonal VoIP channels in 10MHz LTE bandwidth can be derived assuming 3 PRB frequency allocation:

· For -112 dBm RSRP value using 4 TTIs for transmission of one VoIP packet

· up to 80 orthogonal VoIP channels may be utilized 

· up to 5 VoIP time-multiplexed channels may be utilized w/o in-band emission problem

· For -107 dBm RSRP value using 2 TTIs for transmission of one VoIP packet

· up to 160 orthogonal VoIP channels may be utilized up to 10 VoIP time-multiplexed channels may be utilized w/o in-band emission problem

· The significant reduction of the amount of covered D2D receivers is observed when RSRP value is increased from -112 dBm to -107 dBm.
· In particular we observe, the following average reduction of the number of covered receivers in different deployment scenarios when 4 TTIs are utilized for VoIP packet transmission.
· Uniform Outdoor: from 75 to 50 covered RXs, i.e. 50% reduction 

· Hotspot Outdoor: from 65 to 50 covered RXs, i.e. 30% reduction

· Indoor-Outdoor mix: from 12 to 10 RXs, i.e. 20% on average

· The greedy and random algorithms for resource selection show very close performance characteristics in terms of statistic of the number of covered UEs.
· RAN1 needs to discuss and agree on the single RSRP value that should be used for further evaluation and D2D communication design for public safety use cases.

· Agree on -110 dBm RSRP for further D2D studies and system design.
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Appendix A – System Level Evaluation Assumptions

This appendix provides, summary of the system level evaluation assumptions that were used for system level analysis of VoIP D2D broadcast communication in out of coverage Public Safety specific scenarios.

	Parameter
	Value

	Deployment scenarios
	Out of coverage, Option 5, 57 cells, ISD = 1732m 

1) Uniform drop (100% outdoor),

2) Hotspot drop (100% outdoor),

3) Indoor-Outdoor mix drop (2 indoor hotspot buildings per sector, 80% indoor, 20% outdoor)

	Synchronization
	Ideal synchronization

	D2D spectrum
	700 MHz @ 10 MHz, 48 PRBs are allocated for data transmissions

	Maximum TX power
	23 dBm

	Power control
	Maximum power transmission

	RSRP threshold
	-112 dBm/-107dBm

	Pathloss model
	According to [1]

	Fast fading model
	According to [1]

	UE antenna configuration
	1 TX, 2 RX

	UE number
	{3,9} transmitters and 29 receivers per cell

	In-band emission model
	Modeled according to the modified mask from TS 36.101 with {3,6,3,3} specific offsets 

	Traffic model
	VoIP traffic with header compression (328 bit payload + 24 CRC) 


Appendix B – Comparison of Two RSRP Thresholds for 9 TXs 
This appendix provides, system level evaluation results for the case when 9 TXs are dropped per cell. Similar to the case with 3 TXs, we observe that the amount of covered RXs reduces substantially when the RSRP threshold increases from -112dBm to -107 dBm. It should be also noticed that the increased number of active TXs reduces the possible absolute number of covered receivers, however there is still significant relative difference between these two RSRP options.
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	Indoor-Outdoor Mix (80% Indoor, 20% Outdoor)
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	Figure 3. System level analysis of the VoIP traffic in out of network coverage PS scenarios (9 TXs per sector)
 a) CDF of the number of covered UEs (RXs) by VoIP transmission for RSRP = -112 dBm threshold;
b) CDF of the number of covered UEs (RXs) by VoIP transmission for RSRP = -107 dBm threshold.
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