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1
Introduction
In [1] we present our views on resource allocation for D2D communications. One important open issue regarding this topic is whether D2D signals can be multiplexed with each other also in FDM in addition to TDM fashion, as this brings relevant benefits to the overall design of the resource allocations strategies. 
In this contribution we investigate the impact of in-band emissions and interference from D2D transmissions in order to evaluate the feasibility of FDM of D2D signals and the impact on D2D communication performance, if any.

2
Resource allocation evaluations
In order to evaluate the impact of in-band emissions and near-far problem to D2D reception under FDM and TDM, we assume that resource allocation is coordinated within a cluster of D2D devices, which is defined by the user dropping scheme. Such coordination may be obtained with centralized scheduling or via distributed coordination strategies, e.g. as described in [1]. Hence, interference due to potential collisions inside a cluster of devices is not included in the evaluations, but collisions may still happen in case UEs in different clusters are close to each other.
For TDM allocations, we assume that only a single D2D transmitter per cluster may be active at any given time, i.e. only inter-cluster interference & in-band emission effects are present. The activity of transmitters is given according to the traffic model, which may be FTP2 or VoIP as defined in [2]. In case of VoIP traffic, the transmitting UE is allocated 3 PRBs for each 328bit packet, without repetitions. For FTP traffic, the transmitting UE uses all available PRBs, e.g. up to 50 PRBs for 10MHz bandwidth in this TDM case.
For FDM allocations, the PRBs are equally split into 3 channels, each channel having 16 PRBs (2 PRBs are left unused). In a given cluster each channel can be used only by one D2D transmitter in a subframe. For VoIP traffic, we again assume allocations of 3 contiguous PRBs for the transmitting UEs which are selected randomly within the 16PRBs available for the channel. For FDM operation with FTP traffic, the allocations consist of 16 PRBs, i.e. the channels are fully utilized. 

For correct reception it is assumed that the whole packet has to be received correctly, which is relevant in case of FTP traffic as the 10KB packet has to be segmented into several subframes for transmission. 
Otherwise, the simulation assumptions follow those in [2], and most relevant parameters are listed in Appendix I. We include here results for scenario 5 and for uniform, hotspot, and outdoor-indoor mix user dropping schemes. UEs are assumed to use always maximum power, i.e. 23dBm. For VoIP traffic we assume a packet size of 328 bits, which implies a coding rate of 0.38 with 3PRB allocation. For FTP traffic we assume QPSK modulation with coding rate of 0.39 (14bytes per PRB), which corresponds to approximately the same coding rate used for VoIP transmissions.
3
Comparison of FDM and TDM
In Figure 1 the outage probability in case of VoIP traffic is shown for uniform, hotspot, and outdoor-indoor mix UE dropping schemes. In this simulations we consider the effect of in-band emissions which influences TDM as well as FDM allocations. It is clear from the figure that without in-band emission (IBE) modeling, the multiplexing scheme does not play a significant role in the performance of VoIP transmissions. However, while IBE increases the probability of VoIP outage only by a couple percentage points in uniform drop case, the impact being much more significant in hotspot and outdoor-indoor mix cases. It should be noted that the IBE impact is noticeable also in TDM case, due to interference leaking from transmissions in nearby D2D clusters. In case of FDM multiplexing we can observe approximately 5 percentage points on the call outage probability compared to TDM in hotspot and outdoor-indoor mix drops, which is mainly due to the effect of IBE from transmissions inside the D2D cluster.
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	(a) Uniform drop
	(b) Hotspot drop
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	(c) Outdoor-indoor mix drop


Figure 1: VoIP outage probabilities for different UE dropping schemes: (a) uniform, (b) hotspot, (c) outdoor-indoor mix w/o in-band emission (IBE) modeling.
Observation 1: For VoIP traffic, the additional effect of in-band emissions due to FDM multiplexing on the outage performance is rather limited.
Figure 2 shows the outage probability for FTP traffic for TDM and FDM multiplexing with and without in-band emission modeling. For FTP traffic the outage probability is in general higher than in case of VoIP due to the wider allocations and subsequent lower power spectral density (assuming constant UE TX power). Such variation in power spectral density also impacts the relative performance of TDM and FDM allocation strategies. From the figures, it is clear that without the in-band emissions modeled, the outage is 1 to 2 percentage points lower with FDM than in case of TDM, depending on the UE dropping method. Moreover, the impact of in-band emissions is negligible in case of uniform drop, but clearly noticeable in case of hotspot and outdoor-indoor mix drops. In case of TDM, there is negligible impact from in-band emissions due to the fact that the most transmissions are actually done using full bandwidth.
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	(c) Outdoor-indoor mix drop


Figure 2: FTP outage probabilities for different UE dropping schemes: (a) uniform, (b) hotspot, (c) outdoor-indoor mix.
Observation 2: For FTP traffic the effect of in-band emissions is more pronounced then for VoIP traffic, and there is larger variation on the relative performance of FDM and TDM due to the variable size of allocations. 
Looking at the presented results, one observes that the near-far effect is the main source of interference for all the considered simulated scenarios. In case of TDM operation, there are two interference sources – (i) by transmissions on the same allocated PRBs in a nearby cluster or (ii) through in-band emissions in case other PRBs are used at that point of time in a neighboring cluster. For FDM operation, we in addition have a third interference source due to (iii) in-band emissions from FDM co-scheduled UEs within the cluster. 
In addition to the interference that falls within the PRBs that include the desired signal, it is possible that the signal power received in the remaining PRBs is much stronger than the desired signal itself. In worst case such strong signals could eventually block the D2D receiver from receiving the actual desired signal, even though the allocations are non-overlapping. In TDM case this can only happen in case of nearby transmission from another D2D cluster, but in FDM case it is possible that a non-overlapping transmission in the same cluster is received with significantly higher power than the intended signal. Hence, we evaluate here the ratio between the power received in the PRBs containing the desired signal to the total received power, i.e.
R = {received power in the PRBs containing the signal of interest} / {total received power}.

From the definition above, R <= 0dB, with equality in case there is only the signal of interest received in a certain subframe, no other user within or from the neighboring cluster is transmitting at the same time. 
In Figure 3 we show the CDF of R for VoIP and FTP traffic for the outdoor-indoor mix drop. Similar results for other dropping schemes can be found in Appendix II. As it can be seen in Figure 3(a), for VoIP traffic there is no significant difference between TDM and FDM, given that the probability of simultaneous transmissions is very small with VoIP traffic. For approximately 65% of instances there is only one signal received by the D2D receiver, in which case R = 0dB. For most of the remaining 40% instances the desired signal is within 12dB of the total received power. One can observe also a tail in the distribution towards the left, as with very small probability the ratio R can be close to -50dB, in which case it is difficult to guarantee reliable detection. However, this impact is limited to less than 1% of the UEs. 

On the other hand, for FTP traffic in Figure 3(b) the difference between TDM and FDM is more evident due to the much larger packet size and different allocation sizes. In TDM case, most of the subframes are using all PRBs, and hence R~0dB in those cases by definition above. The small amount of cases where R<0dB correspond to the last packet where not all PRBs are utilized. It is clear from the FDM curves that in ~60% of the cases there is no simultaneous transmission within the cluster happening. For this user drop method, there are only rare (i.e. <1%) instances where the ratio R gets very small values, indicating potential problems with signal reception. It should be noted that this relation may be different in other scenarios, as shown in Appendix II.
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	(a) VoIP
	(b) FTP


Figure 3: Statistics of R for outdoor-indoor mix user drop for: (a) VoIP, (b) FTP traffic.

Observation 3: In outdoor-indoor mix user drop, the near-far effect is observed more strongly in VoIP than in FTP traffic, due to the small allocation of VoIP packets. In both cases severe imbalance on the received power is observed only for <1% of the cases, while for the remaining instances the ratio R is >= -12dB. The probability of severe power imbalance for FDM is on the same level for VoIP and slightly higher for FTP traffic compared to TDM only multiplexing within a D2D group.
Given the observations above, we conclude that while TDM has in general better performance due to the lack of intra-cluster in-band emissions, but FDM still provides reasonable performance compared to TDM. It should be noted that performance levels are in general low, with significant outage levels. This indicates that mechanisms to provide coverage extension have to be considered in order to support higher coverage in these scenarios, for example using multiple transmissions of the same data packet [3]. Utilization of such schemes imply larger number of resources are utilized for transmission of each packet, which leads to increased concerns on the capacity of the D2D transmissions, especially for larger number of D2D communication groups. 
The optimal resource allocation for D2D transmissions depend on required range, volume of data, number of simultaneous groups, among others, and hence a flexible resource allocation scheme combining TDM and FDM should be considered that is able to deliver the basic D2D communications functionality while being future proof for future services that will use the same framework. Note, even though FDM is to be supported – one doesn’t need to configure it to be used depending on the intented D2D operation as well as D2D traffic needs!
Proposal 1: FDM is supported as well as TDM for transmissions of D2D signals.
5
Conclusion

In this contribution, we investigate the impact of in-band emissions from D2D transmissions in order to evaluate the feasibility of FDM of D2D signals and the impact on D2D communication performance, if any, and compared it to TDM only operation. The following observations and proposals are made:
Observation 1: For VoIP traffic, the additional effect of in-band emissions due to FDM multiplexing on the outage performance is rather limited.

Observation 2: For FTP traffic the effect of in-band emissions is more pronounced then for VoIP traffic, and there is larger variation on the relative performance of FDM and TDM due to the variable size of allocations.

Observation 3: In outdoor-indoor mix user drop, the near-far effect is observed more strongly in VoIP than in FTP traffic, due to the small allocation of VoIP packets. In both cases severe imbalance on the received power is observed only for <1% of the cases, while for the remaining instances the ratio R is >= -12dB. The probability of severe power imbalance for FDM is on the same level for VoIP and slightly higher for FTP traffic compared to TDM only multiplexing within a D2D group.
Proposal 1: FDM is supported as well as TDM for transmissions of D2D signals.
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Appendix I

Simulation assumptions.

	Parameters
	Assumptions

	Layout
	Option 5 (ISD = 1732m) 

	Carrier Frequency, System Bandwidth
	700 MHz, 10 MHz

	Number of TX
	3/Cell unless specified 

	Number of UEs
	32/Cell 

	TX Power
	23dBm

	Transmission scheme
	1x2 

	Fading
	O2O: Modified ITU-R SCM UMi LOS or NLOS [2]
I2I: Modified ITU-R SCM InH LOS or NLOS [2]
For O2I: Modified ITU-R SCM O2I [2]

	IBE Model
	W,X,Y,Z = {3,6,3,3}

	
	VOIP
	FTP

	File Size
	N/A
	10 KB

	Packet Size
	328 bits
	14 bytes / PRB

	Coding/Modulation
	QPSK with coderate 0.38
	QPSK with coderate 0.39 

	Number of transmissions per packet
	1
	1

	Occupied bandwidth
	3 PRBs
	50 (TDD) and 16 (FDD)  PRBs


Appendix II
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Figure 3: Statistics of R for uniform user drop for: (a) VoIP, (b) FTP traffic.
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Figure 3: Statistics of R for hotspot user drop for: (a) VoIP, (b) FTP traffic.
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