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1
Introduction

The study item description sheet [1] on LTE device-to-device proximity services states that the study will cover:

· "Single and multi-operator scenarios, including the spectrum sharing case where a carrier is shared by multiple operators (subject to regional regulation and operator policy)

· LTE FDD and LTE TDD operations"
At the RAN1#73 meeting the D2D deployment scenarios and channel models were agreed and progress was made on the topic of D2D discovery.  The agreements have been captured in the minutes of that meeting [2].  

In this document we discuss the requirement for D2D operation in an asynchronous environment and address potential methods to permit this form of operation.

2
Operation in an asynchronous environment
Discovery of other ProSe enabled devices connected to the same cell or the same off-network "cluster" in the public safety case [3] can be accomplished using PUSCH transmissions containing a discovery message [4].  These would be transmitted at known locations within a radio frame or sub-frame.  They could be transmitted without timing advance by shortening, i.e. removal of symbols from, the PUSCH transmission [4].  These discovery messages could be detected synchronously by devices connected to the same cell or off-network cluster or across cell boundaries when all cells are synchronised, as in the TDD or optionally FDD cases.

However, for ProSe enabled devices wishing to communicate across unsynchronised FDD cells, cells belonging to different PLMN operators, cells on different frequencies, or for ProSe enabled public safety devices in different off-network clusters, the devices need to first determine the timing and possibly the frequency of each other before they can discover each other.  This may be achieved by either locating the synchronisation signals from the device to be discovered's cell or off-network cluster coordinating entity, or by locating synchronisation signals transmitted directly by the device to be discovered.  However, if one were to consider the case of device-to-device discovery or communication with a pair of devices in disjoint cells or clusters, then a device may be in communication range of another device but not be able to see the synchronisation signals of the second device's eNode B or off-network cluster coordinating entity.  This is shown in Figure 1, where device 1 in cell (or cluster) 1 and device 2 in cell (or cluster) 2 are within communication range of each other but cannot see the synchronisation signals from the other cell or cluster.

Once a device has located synchronisation signals from either another device's cell/cluster or from the device itself there remains the issue of knowing in which sub-frame(s) the discovery messages are located.  In the former case the location of the discovery messages could be signalled using the cell or cluster's system information.  However, this would require the discovering devices to read the system information in a another cell/cluster, which may not always be possible as shown in Figure 1, before being able to locate discovery messages and hence be able to perform discovery of devices connected to that cell or cluster.  In the latter case, i.e. where devices transmit their own synchronisation signals, these synchronisation signals could be linked to the location of the ProSe discovery messages, such that any discovering device searching for the synchronisation signals would immediately know after finding a correlation peak where to locate the discovery messages.  Thus the discovering devices would not need to read system information in another cell or off-network cluster in order to know where discovery messages are located and be able to perform discovery of devices connected to that cell or cluster.  This allows for an efficient scheme for direct discovery which covers all potential scenarios including asynchronous, disjoint and different PLMN cells or off-network clusters.  It is worth noting that such a mechanism does not preclude the use of synchronous discovery for devices already connected to the same cell or off-network cluster where the timing and location of the discovery messages is already known.
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Figure 1 – Example asynchronous D2D environment 
This section has described the challenge of device-to-device discovery when operating in inter-cell, inter-network or inter-cluster scenarios is that of the asynchronous nature.  Before a device can attempt to decode a discovery message, it must first establish time and frequency synchronisation to the device to be discovered and then must establish the location of the discovery message.  

Observation 1:  One of the main challenges with device-to-device discovery when operating in inter-cell, inter-network or inter-cluster scenarios is that of the asynchronous nature.  It is observed that a cell or cluster's synchronisation signals may not always be sufficient for device-to-device discovery near or across a cell boundary.
3
Device based synchronisation signals
Whilst specifying that all cells, or coordinating entities of off-network clusters, transmit synchronisation signals may allow most device-to-device connections to see relevant synchronisation signals for each other, there are scenarios that are not covered by this solution, such as described in Section 2 and Figure 1.  In order to address these scenarios, as suggested above, devices could potentially transmit their own additional synchronisation signals.  These synchronisation signals need not be unique, in fact all devices could potentially transmit the same synchronisation signal as each other.  A discovering device would search for time-domain correlation peaks and devices connected to the same cell or off-network cluster would appear as closely grouped or composite peaks.  These would potentially be enough to determine an approximate timing reference for these devices.  Furthermore, these synchronisation signals could be linked to the location of the ProSe discovery messages, such that any discovering device searching for the synchronisation signals would immediately know after finding a correlation peak where to locate the discovery messages.  
4
Simulation analysis

In order to test the validity of the various approaches to determining the synchronisation of devices to be discovered, a simulation analysis has been performed using the system and link-level simulation parameters specified in [2,5] and subsequent e-mail agreements.  The key macro-cell simulation parameters are listed in Table 1.  The simulations are performed with layout option 5 using a hexagonal 19 site layout with full wrap-around and an inter-site distance of 1732m [5].  At each cell site an eNode B is located with 3 sectors.  Each of the sectors has the same timing, however the timing of the eNode Bs is independent throughout the network.  Each of the sectors transmits a conventional LTE PSS / SSS such that each co-located sector uses a different PSS sequence.  The pathloss and propagation parameters are standard macro-cellular values: these parameters have been taken from the references detailed in Table 1.
Table 1 - Summary of key macro-cell simulation parameters
	Property
	Value
	Comment

	Network layout
	19-site 
	Full wrap-around, tri-sectored site.

	ISD
	1732m
	Option 5

	Network timing
	site asynchronous
	

	Frequency
	700MHz
	

	Bandwidth
	10MHz
	

	eNB transmit power
	43dBm
	

	eNB to device pathloss
	as per [6]
	118.6+37.6log10(distance km) at 700 MHz

(128.1+37.6log10(distance km) at 2000 MHz)

	eNB to device propagation
	typical urban (TU) [7]
	

	eNB to device shadow STD
	σ = 10 [7]
	

	eNB to device penetration loss
	20dB [7]
	

	Cell synchronisation signals
	PSS / SSS
	Network planned such that each co-located sector has a different PSS sequence.

	Interference
	full resource element occupancy
	All resource elements in the DL are occupied with random data / control or reference signals.


In each sector, 150 devices are dropped according to the "uniform", "hotspot" and "indoor-outdoor" scenarios [2,5,8].  The key device simulation parameters are listed in Table 2.  The device-to-device propagation parameters are as agreed in [2] and subsequent e-mail reflector discussions.  A device's synchronisation reference is assumed to be aligned with the received downlink transmissions from the eNode B.  

Each device transmits a synchronisation signal with probability P at a time delay equivalent to the distance between the device and its least pathloss serving cell.  For the purposes of simulation, these synchronisation signals are taken to be identical to the PSS (root index = 25), i.e. occupying 6 resource blocks in frequency and 1 symbol of a sub-frame every 5ms.  It is noted that this may not be the most suitable choice in practice due to the potential ambiguity with existing cell or cluster synchronisation signals.  However, the PSS is useful for demonstrating the concept of device-based ProSe synchronisation signals with a well known LTE reference signal.  In practice, if desired, one option would be to reuse the same PSS sequence structure with a different root-index.  Devices within the network transmit the synchronisation signal at 23dBm, i.e. approximately 15.2dBm per resource block, and all device-to-device links within the network are explicitly simulated when the SNR per resource block is in excess of ‑30dB.  Each device has a random frequency offset that is uniformly distributed within the range ±1000Hz.
In terms of additional interference, in the macro-cellular downlink, each eNode B transmits full resource element occupancy in addition to the PSS / SSS synchronisation signals.  In the case of the device-to-device interference, one randomly selected device in each sector transmits full resource occupancy across the bandwidth of the synchronisation signal, i.e. 6 resource blocks, in addition to the synchronisation signal.
In terms of synchronisation signal detection, it is assumed that a device knows the frequency where the synchronisation signals are present and this portion of the bandwidth is extracted from the received signal using band-pass digital filtering.  Subsequently, a realistic fixed-point frequency-offset resilient 4-part PSS time-domain correlation is performed across a single 5ms duration.  A correlation peak is detected with a simple thresholding algorithm designed to reject in excess of 99.99% of randomly generated peaks.  Devices that have a received timing at the detecting device that is within ±3.1µs from an observed correlation peak are deemed to be potentially detectable.  

The simulation results presented are averaged over the results from 1000 discovering devices.
Table 2 - Summary of key device simulation parameters
	Property
	Value
	Comment

	Device noise figure
	9dB
	As per [5]

	Device receive antennas
	dual
	As per [5]

	Devices / sector
	150
	As per [2]

	Device dropping
	uniform / hotspot / indoor-outdoor
	As per [8] (uniform outdoors, one 40m radius hotspot per sector, two 120m x 50m buildings per sector)

	Device transmit power
	23dBm
	No range-reduction by power limitation implemented

	Synchronisation signal
	PSS
	Root-sequence 25, transmitted every 5ms with probability P.

	Synchronisation signal timing
	cell receive frame
	Frame timing at a device assumed to be when device receives cell transmission, i.e. cell timing + propagation delay to device.

	Device-to-device pathloss 
	as per [2]
	Winner+ B1 UMi, Winner+ B4 O2Ia and 3GPP InH with modifications as agreed

	Device-to-device LOS probability
	as per [2]
	ITU-R UMi LOS

	Device-to-device shadowing
	as per [2]
	Shadowing correlation IID

	Device-to-device explicit link modelling
	> -30dB SNR per resource block
	

	Device-to-device fast-fading
	as per [2] 
	ITU-R UMi LOS & NLOS, ITU-R UMi O2I, ITU-R InH LOS & NLOS

	Cyclic prefix
	extended
	

	Frequency offset
	1000Hz
	

	PSS detection
	4-part, fixed-point
	5ms correlation period, simple threshold detection (>99.99%) 

	Device-to-device detection window
	±3 samples at 0.96MHz 
	Window around synchronisation signal where device considered detectable (approximately equal to ±3.1µs)

	Interference
	one device per sector
	In every sector a randomly selected device transmits full resource element occupancy in addition to the synchronisation signal.


5
Simulation results

Simulation results are presented in figures 2-4 for the three device-to-device dropping scenarios listed in Table 2.  The cumulative number of neighbour devices is plotted against the device-to-device distance, with the black curve representing all neighbouring devices, be they detectable or not.  The blue curves represent the detectable and non-detectable devices (criteria outlined in previous section) when all devices transmit a synchronisation signal, i.e. P=100.  The green curves represent the detectable and non-detectable devices when 10% of devices transmit a synchronisation signal, i.e. P=10.  The red curves represent the detectable and non-detectable devices when the cell synchronisation signals are employed instead of the device based synchronisation signals.

The results are summarised in Table 3 in terms of number of detectable neighbours per device for device-to-device distances of up to 500m, up to 1000m, up to 1500m and up to 2000m.
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Figure 2 - Uniform device drop

[image: image3.emf]0 500 1000 1500 2000 2500

0

500

1000

1500

2000

2500

D2D distance (m)

CDF

D2D distance (ISD=1732m, HOTSPOT, 150 device/sector, 23dBm)

 

 

detectable (P=100)

non-detectable (P=100)

detectable (P=10)

non-detectable (P=10)

detectable (cell PSS)

non-detectable (cell PSS)

total neighbours / device


Figure 3 - Hotspot device drop
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Figure 4 - Indoor-outdoor device drop

Table 3 - Summary of simulation results; detectable neighbours at various distances
	Drop method
	Simulation scenario
	≤500m
	≤1000m
	≤1500m
	≤2000m

	Uniform
	total neighbours
	142
	553
	1239
	2197

	
	P=100
	137 (96%)
	493 (89%)
	961 (78%)
	1417 (64%)

	
	P=10
	127 (89%)
	426 (77%)
	730 (59%)
	926 (42%)

	
	cell PSS
	59 (42%)
	105 (19%)
	111 (9%)
	114 (5%)

	Hotspot
	total neighbours
	171
	563
	1232
	2205

	
	P=100
	168 (98%)
	493 (88%)
	895 (73%)
	1275 (58%)

	
	P=10
	149 (87%)
	414 (74%)
	652 (53%)
	785 (36%)

	
	cell PSS
	74 (43%)
	106 (19%)
	113 (9%)
	116 (5%)

	Indoor-outdoor
	total neighbours
	160
	552
	1235
	2190

	
	P=100
	156 (98%)
	490 (89%)
	950 (77%)
	1392 (64%)

	
	P=10
	141 (88%)
	385 (70%)
	638 (52%)
	791 (36%)

	
	cell PSS
	70 (44%)
	107 (19%)
	112 (9%)
	113 (5%)


6
Discussion

From the simulation results presented in Section 5 it is observed that the transmission of device based synchronisation signals is significantly better in terms of detectability of discovery messages than that of relying upon the cell synchronisation signals for this purpose.  This is due to multiple reasons as listed below:

· Every device in a cell is transmitting a synchronisation signal as opposed to a single higher powered PSS transmission from the eNode B.

· With every device transmitting a synchronisation signal there is statistically far more likelihood that some of these will be located reasonably close to the discovering device.

· The interference in the cell synchronisation case from other downlink transmissions and signals occupying the central six resource blocks is far more significant than the interference generated by a single lower power device within each cell.

· The detectability of a device when cell synchronisation signals are employed is limited to d2+d12-d1 ≈ 950m due to the signals not being timing advanced and the detection window being ±3.1µs (d1 is distance from cell to device 1, d2 is distance from cell to device 2 and d12 is distance between device 1 and 2, see Figure 2 in [4]).  
Whilst all of the above impact the performance of cell based synchronisation signal performance, amongst these reasons the dominant factor is that of the interference (verified with separate simulations although not shown for the sake of brevity).

In the case of device based synchronisation signals, with P=100, every discoverable device transmits a synchronisation signal every 5ms.  Whilst this is extremely successful in terms of device discoverability, it represents a considerable burden in terms of power consumption upon the discoverable device and also will necessarily generate a considerable amount of network interference.  Thus it is interesting to compare this with the scenario of a lower duty cycle for the transmission of synchronisation signals.  By choosing a 10% duty cycle then the above top bullet regarding transmit power is approximately negated.  From the results with P=10 it is observed that the device based synchronisation signal still significantly outperforms that of cell based synchronisation, reaffirming that total synchronisation signal transmit power is not the dominant factor when it comes to performance.
Whilst these simulations have employed a PSS sequence for the device based synchronisation signals, this is not necessarily the optimum choice.  However, it does exemplify the significant advantage that the transmission of device based synchronisation signals has over using the cell based synchronisation signals.  The actual design of device based synchronisation signals and their frequency and location of transmission is for further study. 

It is further noted that these simulations were performed in a homogeneous non-disjoint coverage network.  However, in Section 2 it was observed that there are scenarios where cell based synchronisation signals do not aid inter-cell, inter-cluster or inter-PLMN asynchronous discovery at all, i.e. Figure 1.  In addition, device based synchronisation signals have the further advantage that their location could be linked to the location of the ProSe discovery messages, such that any discovering device searching for the synchronisation signals would immediately know after finding a correlation peak where to locate the discovery messages without having to read system information on the neighbouring cell.  The advantages and performance gained by employing device based synchronisation signals is further enhanced if all devices transmit the same synchronisation signal regardless of cell or cluster or PLMN operator they are connected to.

Finally, it is observed that when a device is deemed detectable that this does not necessarily imply decodability of the discovery message.  The latter aspect is dependent upon the design of the discovery message, particularly the coding and modulation, the interference present at the same time as the discovery message and the transmitted power of the discovery message.  

Observation 2:  With regards to asynchronous device-to-device operation, device based synchronisation signals are superior in terms of performance to cell based synchronisation signals.

Observation 3:  Device based synchronisation is superior to cell based synchronisation even when only a small percentage of the devices within a cell transmit synchronisation signals at any one point in time.

Observation 4:  The use of device based synchronisation signals simplifies discovery operation, with potentially no requirement to read system information to determine the location of the discovery messages.
Proposal 1:  It is proposed that device based synchronisation signals are studied and implemented for the purposes of ProSe device to device operation in all deployment scenarios.
7
Conclusion 
This contribution has studied the problem of device-to-device operation in an asynchronous environment and has shown that cell or cluster based synchronisation signals not suitable for all such scenarios.  Furthermore, through extensive system and link-level simulations it is shown that the performance of device based synchronisation signals for the purposes of direct device-to-device operation is superior to that of relying upon cell or cluster based synchronisation signals for this purpose.

In particular the following observations and proposals are made to RAN1:

Observation 1:  One of the main challenges with device-to-device discovery when operating in inter-cell, inter-network or inter-cluster scenarios is that of the asynchronous nature.

Observation 2:  With regards to asynchronous device-to-device operation, device based synchronisation signals are superior in terms of performance to cell based synchronisation signals.

Observation 3:  Device based synchronisation is superior to cell based synchronisation even when only a small percentage of the devices within a cell transmit synchronisation signals at any one point in time.

Observation 4:  The use of device based synchronisation signals simplifies discovery operation, with potentially no requirement to read system information to determine the location of the discovery messages.

Proposal 1:  It is proposed that device based synchronisation signals are studied and implemented for the purposes of ProSe device to device operation in all deployment scenarios.
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