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1 Introduction

The multiplexing type of the cellular and D2D transmissions is one of the open items that was not extensively discussed during the study item phase [1] due to focus on out of coverage public safety scenarios. In this contribution, we provide system level analysis of different multiplexing options by considering impact of D2D transmissions on cellular operation and vice versa. Note that the study is conducted from the system level perspective assuming that from the single UE perspective the cellular and D2D transmissions are multiplexed in time.
2 Considered Multiplexing Options
In this document, we study three multiplexing options that can be used in practical systems (see also Figure 1):

· TDM – D2D and UL cellular transmissions are carried out on orthogonal time resources i.e. different subframes. This scheme is expected to introduce minimum interference impact on cellular operation but can reduce coverage of D2D data channel for given data rate.
· FDM – D2D and UL cellular transmissions occupy the same set of subframes however use different sets of physical resource blocks. This option is beneficial for coverage limited scenarios where more time resources are needed to achieve target link budget by energy accumulation.
· TDM+FDM – Part of the spectrum resources are multiplexed in time between cellular and D2D transmission and remaining part is multiplexed in frequency. This scheme tries to achieve a tradeoff between pure TDM and pure FDM.
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Figure 1: Illustration of multiplexing options.
3 Evaluation
3.1 Methodology

For fair comparative analysis of different multiplexing options the same relative amount of total D2D spectrum resources was allocated for each considered case which was not assumed in similar studies reported in [2]. The detailed resource allocation parameters are summarized in Table 1.

Table 1: Percentage of spectrum resources used for D2D and cellular transmission.
	
	TDM
	FDM
	TDM+FDM

	% of subframes for D2D
	25 %
	100 %
	50 %

	% of PRBs for D2D
	100 % (48 PRBs)
	25% (12 PRBs)
	50 % (24 PRBs)

	Total % of D2D resources
	25 %
	25 %
	25 %


In current analysis, we use D2D evaluation methodology defined in [1] and full buffer traffic model for both cellular and D2D. The analysis is presented for PS broadcast scenarios within network coverage and different power control settings applied for cellular UL transmissions. Note that we do not consider the adaptation of transmission modes between cellular and direct communication, since there is no physical layer feedback and broadcast nature of D2D operation. The in-band emission model is taken into account in evaluation.
Besides it was agreed, that Mode-1 (eNodeB control) is applied in network coverage, in this analysis D2D UEs pick the resources for transmission autonomously based on the minimum energy criterion. The D2D resource pool configurations are aligned between cells. Additionally, we consider 2 intra-D2D multiplexing schemes:
· FDM (i.e. only frequency channels are defined in allocated D2D resources);

· TDM+FDM (i.e. time-frequency channels are defined in D2D resources).
UL cellular spectrum part is controlled by eNodeB where it schedules UL traffic using proportional fair algorithm and link adaptation techniques.

3.2 Simulation Results
3.2.1 FDM only for D2D region

In this section, we present simulation results assuming that there are 6 orthogonal logical frequency channels with fixed number of allocated PRBs per second is available for each D2D transmitter. The following D2D resource partitioning is applied for different types of cellular and D2D multiplexing types:
· TDM: 6 logical frequency channels composed of 8 PRBs every 4th subframe;

· FDM: 6 logical frequency channels composed of 2 PRBs every subframe;
· TDM+FDM: 6 logical frequency channels composed of 4 PRBs in every 2nd subframe.
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Figure 2: Example of FDM multiplexing within D2D region (4 channels)
Note, that in terms of coverage, the FDM option between D2D and cellular is expected to be better for D2D operation in noise limited scenarios due to possibility to accumulate more energy per bit.
For D2D performance, CDFs of link throughput are plotted (each link is counted separately). UL performance is represented by normalized user throughput CDFs (see Figure 3).

	Hotspot (100% Outdoor)
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	Uniform (100% Outdoor)
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	IO mix (20% Outdoor, 80% Indoor)
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	Figure 3: Performance metrics of UL cellular and D2D broadcast operation


Observation 1
· TDM partitioning of cellular and D2D resources results in better cellular performance but may reduce D2D TX UE coverage due to lower link budget if interference is not a limiting factor (Uniform and IO-mix scenarios).
· FDM has significant impact on cellular operation especially when low P0 setting is used due to in-band emission blocking of low-power UL transmissions.
· TDM+FDM scheme has tradeoff between cellular degradation and D2D performance reduction.
3.2.2 FDM+TDM for D2D region
In this section, we study another type of D2D resource partitioning which is composed from 24 logical time-frequency channels with fixed number of PRBs per second per D2D link. In particular, we study the following D2D resource partitioning for different types of cellular and D2D multiplexing types:
· TDM: 24 frequency channels of 2 PRBs every 4th  subframe with time reuse factor 1

· FDM: 6 logical frequency channels each composed from 2 PRBs every subframe and 4 time channels  (i.e. reuse in time is 4 and frequency reuse is 3)
· TDM+FDM: 12 frequency channels of 2 PRBs and two time channels with time reuse factor 2
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Figure 4: Example of FDM+TDM multiplexing within D2D region (16 channels)
In this D2D resource allocation scenario, the available transmitted energy is the same in all scenarios.
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	Uniform (100% Outdoor)
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	IO mix (20% Outdoor, 80% Indoor)
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	Figure 5: Performance metrics of UL cellular and D2D broadcast operation


Observation 2
· TDM partitioning of cellular and D2D resources results in better cellular performance.

· Due to equal transmitted energy per information bit in all multiplexing options, the coverage limited scenarios (Uniform and IO-mix) show similar D2D performance.
· Hotspot scenario is more sensitive to the applied multiplexing option and shows the best results when TDM is used for cellular and D2D operation.

4 Design Implications
As we have shown in the previous sections with system level analysis there is a tradeoff in WAN and D2D performance depending on the applied multiplexing option. In general, an eNodeB may be able to schedule UL transmissions using FDM only, or FDM and TDM ensuring that mutual impact is minimized. However it may be difficult to control interference types across cells boundaries, especially if there is no inter-cell coordination. In this case it is beneficial to align D2D resource pool configurations between cells in long term for inter-layer interference avoidance. The aligned resource pool configuration should be supported in at least synchronized deployments.
Proposal 1
· At least for synchronized deployments D2D spectrum resources are aligned in time.
In the previous sections, it was shown that TDM between cellular and D2D is beneficial for at least WAN operation. However, TDM brings multiple technical issues that need to be resolved. Some of them are listed below:
· Impact on PUCCH cellular operation (retransmissions, ACK/NACK, periodic CSI reports, SPS, etc.).
· Increased half-duplex problem for D2D operation because of the reduced number of orthogonal time resources.

· Spectrum resource wasting. Assuming that cellular traffic cannot be transmitted in semi-statically pre-allocated D2D resources, there may be significant resource wastage if there is no D2D transmissions in given cell.
· Reduced transmission range for D2D communication if amount of time resources is limited.
In our view, from system perspective taking into account flexibility in terms of resource management and different performance aspects it may be left for eNodeB implementation or operator which multiplexing option to use for cellular and D2D transmissions. The more specific details on resource allocation that can be used within network coverage are described in our companion contribution dedicated to D2D resource configuration and allocation in Mode-1 [3].
Proposal 2
· Decision on FDM/TDM or FDM+TDM multiplexing of cellular and D2D spectrum resources is left for eNB implementation and operator choice.
5 Conclusions
In this contribution, we have analyzed different multiplexing options of D2D and cellular operation from system perspective. We have shown that TDM resource partitioning between cellular and D2D is beneficial for at least WAN operation. However, TDM brings multiple technical issues that need to be resolved. In our view, for D2D operation within network coverage it may be left up to the eNB implementation which mode to apply. Based on the discussion and the analysis presented in this contribution we have following proposals:

Proposal 1
· At least for synchronized deployments D2D spectrum resources are aligned in time.
Proposal 2
· Decision on FDM/TDM or FDM+TDM multiplexing of cellular and D2D spectrum resources is left for eNB implementation and operator choice.
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Appendix A – Evaluation Assumptions
	Parameter
	UL Cellular
	D2D

	Deployment scenarios
	In coverage, Option 5, 57 cells, ISD = 1732m [1]
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)

	eNodeB parameters
	See [1] for Option 5

	Synchronization
	Ideal synchronization

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

	Maximum TX power
	23 dBm
	23 dBm

	Power control
	Fractional open loop power control with α = 0.8, P0 = {-70, -90} dB
	Maximum power transmission


	RSRP threshold for virtual D2D broadcast association
	N/A
	-112 dBm

	Pathloss models
	See [1]
	See [1]

	Fast fading models
	See [1]
	See [1]

	UE antenna configuration
	1 TX, 2 RX
	1 TX, 2 RX

	UE number per cell sector
	10
	3 transmitters and 29 receivers

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

	Traffic model
	Full buffer
	Full buffer

	HARQ
	Chase combining with maximum 4 transmissions
	Not modeled

	Scheduler
	Proportional Fair
	Distributed energy-based
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