Page 1

3GPP TSG-RAN WG1 #74 
R1-133600
19th – 23th August, 2013
Barcelona, Spain
Agenda item:
7.2.8.2
Source: 
Qualcomm Incorporated
Title: 
Techniques for D2D Discovery
Document for:
Discussion/Decision
1
Introduction
This contribution is related to LTE device to device proximity services study item [1]. To enable proximity services there is a need for devices that are in proximity to be discovered. There are several use cases identified for ProSe discovery in [2]. In this document we propose techniques for performing device to device (D2D) discovery.

This contribution is structured as follows:

· In Section 2 we reiterate some of the design principles proposed in [3].
· Section 3 describes a proposed design
· Section 4 presents simulation and analytical results
· Section 5 concludes the contribution.
2
Design Principles for D2D Discovery
Following are proposed design principles for the discovery protocol.

ProSe discovery is defined for both Public Safety (PS) and non PS use cases. PS use cases covers in network, partial network, and out of network. We propose a common discovery design for PS and non PS use cases. Furthermore we propose a common design across in network coverage, partial network coverage and out of network coverage scenarios for PS use cases. This reduces the complexity of the design and enables economy of scale for public safety operators. 
Design Principle 1: Common physical layer design for PS and non PS use cases, and across in network coverage, partial network coverage and out of network coverage scenarios. 
A natural way to enable discovery is using D2D transmissions. A first UE that wants to be discovered can transmit a discovery signal while other UEs that want to discover the first UE can receive the discovery signal. UEs that are in proximity will be able to decode the discovery signal thereby discovering the first UE. 

To allow the reception of a D2D transmission, the receiver UEs have to understand the transmitter UE’s notion of time. In synchronous deployments this can be achieved by the transmitters and receivers using the available common notion of system timing from the eNodeBs. In asynchronous deployments there is no common notion of system timing across cells. However UEs can learn the timing of neighboring cells and use them for receiving discovery signals of UEs camped on neighboring cells. This can be done either through reference signals (including PRS) of neighboring cells or through relaying timing information via UEs. This will be discussed in more detail later. In the partial/out of network case a synchronization protocol can be used to achieve common timing. Some details on a proposal for synchronization protocol for partial/out of network cases can be found in [7].

Additionally, UEs receiving discovery signals have to know the time frequency resources on which the UE that wants to be discovered is transmitting. These resources should be allocated by the network. The network should also broadcast the allocation to all UEs that are participating in discovery. Network allocation can control the size of resources used for discovery and can ensure that they are not used for WAN communication. In the case of out of network coverage such information can be pre-configured in the UE.
Design Principle 2: UEs participating in discovery should be able to synchronize with each other and know when other UEs are transmitting their discovery signals.
As agreed at RAN#73 [8] device to device communication should occur on uplink for FDD. For TDD also uplink sub-frames should be preferred.
Design Principle 3: Due to network dynamics discovery protocol needs to run periodically, and hence uplink discovery resources should be allocated periodically. 
[image: image1]Consider an uplink sub-frame with some frequency resources allocated for discovery. The remaining resources are allocated for WAN uplink communication.  This is illustrated in Figure 1 below. Suppose UE F is transmitting on the WAN uplink to eNodeB E. Also suppose that UE D is transmitting its discovery signal on the resources reserved for discovery. Note that UE D is much closer to eNodeB E than UE F. Also note that the power of a discovery signal should be a function of target proximity range, so UE D’s discovery signal is not power controlled with respect to eNodeB E. As a result, due to RF impairments, UE D’s discovery signal can significantly distort the uplink WAN signal from UE F at eNodeB E thus affecting uplink WAN communication. Therefore frequency multiplexing of discovery and uplink WAN communication should be avoided as much as possible. 
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Figure 1
An additional but important point to note is that frequency multiplexing of resources used for uplink WAN and discovery can result in higher power consumption for discovery. If resources are frequency multiplexed across WAN and discovery then to allocated then the resource allocated for discovery are spread out more in time compared to the case where WAN and discovery resources are not multiplexed. As a result UEs need to remain awake for a longer period of time which in turn leads to higher penalty. 
Design Principle 4: Frequency multiplexing of resources used for uplink WAN and discovery should be avoided.
A UE participating in discovery can try to receive discovery signals from multiple UEs. For example consider Figure 2 below where UE A tries to decode signals from UE B and UE C. (Signals from only two UEs are considered for simplicity.) 
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Figure 2
The signals received from UE B and UE C can be time multiplexed, frequency multiplexed or code multiplexed, i.e., UE B and UE C can transmit two different sequences on the same time and frequency resource. This is also illustrated in Figure 2. 

Time multiplexing discovery signals is not preferred because it will lead to spreading of discovery signal in frequency and lower the link budget of discovery. 

Code multiplexing of discovery signals is also not preferred. The discovery signal (especially Open ProSe discovery signal) can be decoded by multiple UEs and cannot be power controlled to any particular UE. Referring back to Figure 2, note that UE C is much closer to UE A and since discovery signals cannot be power controlled, UE B’s signal can be drowned out by UE C’s discovery signal due to RF impairments. 
Frequency multiplexing between discovery signals of different UEs is preferred. This choice can lead to better link budget and hence longer range for discovery signal compared to time multiplexing and code multiplexing. In addition, frequency multiplexing leads to better dynamic range compared to code multiplexing.
Design Principle 5: Discovery signals of different UEs should take advantage of frequency multiplexing.
Mobility and other dynamics in the environment can cause changes in the proximal environment of a UE. So a UE potentially needs to constantly keep track of its proximal environment by participating in discovery all the time. This can impact UEs power consumption significantly. Discovery should be designed such that the impact on power consumption of discovery should be small.
Additionally discovery should impact WAN performance minimally.

One simple way of achieving both these requirements is by allocating only a small amount of resources for discovery. 
Design Principle 6: Discovery should use small amount of resources.
3
D2D Discovery Design 
We now describe a proposal for discovery design based on the design principles proposed in Section 2. 
3.1 
Open ProSe versus Restricted ProSe Discovery

We propose that the same physical & MAC layer design be used for both Open and Restricted ProSe discovery. This reduces the complexity of the proposed design. The difference between Open and Restricted ProSe discovery will be in the discovery information being transmitted. In the case of Restricted ProSe discovery, the discovery information can be encoded (or is assumed to already be protected/obfuscated in some fashion) before the transmission, and so signalling proposed for Open ProSe discovery can be reused. The obfuscation at the upper layers ensures that only authorized UEs can detect the discovery signal. 
Proposal 1: Use the same physical & MAC layer design for both Open ProSe and Restricted ProSe discovery. Discovery information for Restricted ProSe should be encoded appropriately.
3.2
Reserving Resources for Discovery
We propose that network reserves periodic resources in uplink sub-frames for discovery. The uplink sub-frames with resources reserved for discovery should be mostly contiguous. The contiguous allocation helps reduce power consumption of discovery. This is illustrated with an example in Figure 3 below where 64 contiguous uplink sub-frames have resources reserved for discovery every 10 seconds. 

Figure 3

We call the period with which resources are reserved a “discovery period” and sub-frames with resources reserved for discovery “discovery sub-frames”.

A UE participating in discovery will select a discovery resource among the sub-frames with resources reserved for discovery. The exact definition of a discovery resource is discussed later. The UE will transmit its discovery signal on its selected discovery resource every discovery period. The UE will also listen for discovery signals of other UEs on other discovery sub-frames.
The network can inform the UEs of discovery sub-frames via a SIB broadcast. Such allocation can be done in a deployment wide manner in a synchronous deployment. This enables inter-macro discovery in a power efficient manner, a UE needs to wakeup during a single period and can perform both inter-macro and intra-macro discovery simultaneously. This is illustrated in Figure 4 where synchronized macros allocate the same resources for discovery.
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Figure 4 
In an asynchronous deployment where macros are asynchronous with each other the allocation can be done on a per macro basis. This allows intra-macro discovery among UEs associated with the same macro. 

Inter-macro discovery among UEs that are associated with different macros is more challenging in the asynchronous deployment case.  A UE needs to know the timing and allocation of discovery sub-frames of neighbouring macros. In addition, because a UE needs to wakeup for allocations of multiple macros, a UE will have to spend the power required for waking up multiple times. 
We propose that allocation of discovery sub-frames can be done such that allocations of neighbouring macros do not overlap. Macros can also broadcast the allocation of neighbouring macros (in addition to its own allocation) using SIB. A UE then knows when to wakeup to receive discovery signals from UEs associated with neighbouring macros. Macros will also not schedule the uplink transmission during the allocation of neighbouring macros. (We will discuss how UEs learn the timing of neighbouring macros later.)
As mentioned earlier waking up multiple times can lead to more power consumption. This can be remedied by making sure that the time difference between any two consecutive allocations in time is small, potentially less than one sub-frame. This reduces the need for multiple wakeup; a UE does not need go to sleep between consecutive wakeups.
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Figure 5
We illustrate our proposal in Figure 5. Here Macro 1, 2 and 3 as illustrated in Figure 4 are neighbours of each other. Their allocation for discovery is non-overlapping but the time difference between any two consecutive allocations is small, potentially less than one sub-frame. 
To maintain the non-overlapping nature of allocation and the small difference in time between neighbouring macros, neighbouring macros need to keep track of each other’s timing drift. This can be done via either the backhaul or UEs can track drift of neighbouring macros and report them to their associated macro.
Making sure that contiguous non overlapping allocations have minimal difference in time between them does not completely eliminate the problem of multiple wakeups. So we further propose that allocations for discovery sub-frames be roughly re-used across non-neighbouring macros, i.e., some non-neighbouring macro’s can have mostly overlapping allocations of discovery sub-frames. We give an example of this in Figure 6 where a reuse of 3 is illustrated.

Figure 6

Here macros with the same colour for example Macro 1, 1’, and 1’’ allocate sub-frames for discovery that mostly overlap in time. This reuse allows a UE to wakeup only once and thus save power. In the illustrated allocation each UE needs to wake up continuously for three mostly contiguous allocation periods. The UEs can then listen to and decode discovery signal of the macros closest to them. For example UE B can listen to and decode discovery signals from Macro 2, 1, and 3, whereas UE A can listen to and decode discovery signals from Macro 2, 3’ and 1’’. 
Proposal 2a: Network reserves periodically occurring uplink sub-frames that will be used for discovery. For synchronous deployments the allocation can be same across deployment, and communicated using the SIB mechanism.
Proposal 2b: For asynchronous deployments the allocation can be on a per macro basis with neighbouring macros allocating non- overlapping allocations and rough reuse of allocation across non-neighbour macros.
Proposal 2c: In the out- of- network/partial-network case the allocation can be pre-configured.
3.3
Discovery Resource

3.3.1 Resource Definition

Consider an uplink sub-frame with resources reserved for discovery. Based on Design Principle 5 we would like to use as many resources as possible for discovery. So we propose that the complete PUSCH portion of the uplink sub-frame be used for discovery. (We cannot use allocated PUCCH resources for discovery because it is not possible to prevent Release 11 and older UEs from transmitting on PUCCH.) Since frequency multiplexing of discovery signals leads to better performance, the PUSCH resources will be divided into equal sized discovery resource in a frequency duplex manner. We propose that a discovery resource consist of a pair of adjoining RBs (Resource Blocks) in Slot 0 and Slot 1 of a frame. Like PUSCH symbols 3 and 10 of the sub-frame will be used for transmitting pilots. This is illustrated in Figure 7.






Figure 7
Consider the example allocation discussed in Figure 3. Also consider a 10MHz FDD system with 6 RB pairs allocated for PUCCH (3 RB pairs on each edge). Then 44 RB pairs or 44 discovery resources are available per sub-frame for discovery. In total 44*64=2816 discovery resources are available. This allows the design to support a large number of devices. Note that 64 sub-frames per 10 seconds is less than 0.64% of the uplink resources. A UE participating in discovery will need to be awake only for an additional 64 sub-frames per 10seconds, which leads to a small increase in power consumption.
Proposal 3: Within the discovery sub-frames use the whole of PUSCH for discovery.

Proposal 4: PUSCH should be frequency multiplexed into discovery resources each consisting of an RB pair. 
3.3.2 Physical Layer Details
We propose that the physical layer details of a discovery signal be similar to those of PUSCH as defined in [5] [6]. Discovery signals should use SC-FDMA like PUSCH. (SC-FDMA has better in-band emissions than OFDMA [4], this helps with the near far problem illustrated in Figure 2). 
The range of a discovery signal can be controlled by the transmit power of a UE. The transmit power in turn can be decided by the network.

Proposal 5: Reuse PUSCH modulation and coding for discovery signals.
3.3.3 Discovery Resource Selection 
We propose that resource selection be based on received energy on a discovery resource. A UE can listen for one discovery period and calculate the received energy on each discovery resource. It can then sort the discovery resources in order of their received energy and select the resource with low received energy. More specifically a UE can consider the set of resources with received energy in the lowest x percentile and can select randomly among the set. (In our simulations we set the x to 5 percentile.)
We do not select the resource with the lowest received energy to reduce the probability that two UEs that are proximal and are selecting a discovery resource at the same time select the same resource.
Picking a resource with among the lowest energy maximizes the range of discovery of the UE. If a discovery resource has high received energy then it is likely that another UE in close proximity is transmitting on that resource. If that resource is selected the discovery range of the selecting UE will be small because of the interference caused by the original UE transmitting on the resource.
For asynchronous deployments a UE will choose a discovery resource only among those allocated by its associated macro.   
Proposal 6: Resource selection should be based on the received energy on the discovery resources.
3.4
Timing of Discovery Sub-frames

Even though discovery sub-frames are uplink sub-frames, the UEs participating in discovery can be in RRC_IDLE state. Such RRC_IDLE UEs do not have access to timing advance from the eNodeB. To counter these somewhat conflicting principles, we propose that discovery sub-frames follow downlink timing.
Also note that downlink timing of UEs can vary roughly based on distance from the eNodeB. Further, there is propagation delay between UEs that are trying to discover each other. Suppose the maximum discovery signal target range is Z meters. The worst case time difference between two UEs is 2Z/c. (Here c is the speed of light in meters per second.) The worst case is illustrated in Figure 8.

Figure 8
If the maximum discovery range is Z=500m, then the delay is given by (2Z/c) = 3.33us which is smaller than the length of normal cyclic prefix (4.7us) and hence can be used to deal with timing error in addition to the delay spread.
If discovery range is beyond the normal cyclic prefix length then extended cyclic prefix can be used.

In the case of asynchronous deployments a UE needs to learn the timing of neighbouring macros through reference signals from the neighbouring Macro (including the PRS).  If PRS is not available, then PSS/SSS/CRS can be used. However, a UE cannot detect the PSS/SSS/CRS of its neighbouring macro if it is too close to its own eNodeB. This is illustrated in Figure 9 below.

Here assume UE A is within the discovery range of UE B. However because UE A is very close to its eNodeB it cannot detect the timing signal transmitted by the eNodeB associated with UE B and therefore cannot decode the discovery signal of B. According to our calculations the number of devices discovered can go down by one third due to this issue.


Figure 9
To counter this issue we propose that a UE participating in discovery relay the timing signal of its associated eNodeB. Referring back to Figure 9 B, C & D can relay the timing signal of its associated macro while A, E, & F can relay the timing signal of its associated macro. The timing can be relayed in the first sub-frame of the allocation for their respective macros. The relayed timing signal can be the same as PSS/SSS transmitted by the macro. It can also be the repeated PSS as proposed in [7]. All UEs associated with a macro will transmit on the same time and frequency resource. This allows the energy from different devices to add up at the receiver. The time and frequency resource can be located on the first few symbols of the first sub-frame. This reduces the possibility of overlap between the timing signal and the discovery signals of another non-neighbouring macro that has a mostly overlapping allocation. We also propose that the frequency on which the timing signal is transmitted be different for non-neighbouring macros that have mostly overlapping allocation. This allows a UE receiving the timing signal to distinguish between the timing signals of different macros. We illustrate the timing signal of two non-neighbouring macros Macro1 and 1’ that have mostly overlapping allocation in Figure 10.










Figure 10

Proposal 7: Discovery sub-frames should use downlink timing. For asynchronous deployments UEs can forward the timing of their associated macro on the first sub-frame of their allocation.
3.5 Hopping of Discovery Resources
As mentioned earlier, D2D discovery suffers from the near far problem illustrated in Figure 2. In addition, due to the half duplex constraint, a UE transmitting a discovery signal cannot receive discovery signals on the same sub-frame. We propose that this issue be resolved via hopping of discovery resources across discovery periods. The hopping pattern should be designed such that the number of times two discovery resources occur on the same sub-frame is minimized. This minimizes the half duplex issue and significantly reduces the near far problem.

More particularly we propose the following hopping pattern. Let there be N discovery sub-frames every discovery period. To start off with we assume that N is either a prime number or a power of a prime number. Let there be M RB pairs reserved for discovery in each discovery sub-frame. Let t denote the tth discovery period. Further we denote a discovery resource one the tth discover period by  (m(t),n(t)) where n(t)  (0≤n(t)<N) denotes the discovery sub-frame of the resource and m(t) (0≤m(t)<M) denotes the RB pair of the resource within the n(t) sub-frame. Then

m(t) = (m(0) + 3*t) mod M, and

n(t) = [ floor (m(0) / N)   t   t ]   [mod(m(0),N)   t ]  n .
Here   and    are defined to be multiplication and addition, respectively, on the Galois field generated by p where pa=N, i.e., GF(pa). The integer t is mapped to an element of  GF(pa) using a one-to-one mapping between  t mod(pa) and GF(pa). Hopping in this fashion guarantees that the maximum number of time two discovery resources lie on the same sub-frame is minimized, thereby reducing the half duplex and the near far issue.

The hopping in frequency is needed to ensure that a discovery resource does not always lie on the central RB pair that affected by carrier leakage.

In practice we have found that hopping works quite well even when N is not a prime number or a power of a prime number. (In that case the Galois multiplication and addition are replaced simple addition and multiplication.)
For asynchronous deployments discovery resources will hop only among the allocation of its own macro. 

Proposal 8: Hopping of discovery resources needs to be done to reduce the effect of near far and half duplex problems. The hopping pattern should minimize the number of times two discovery resources occur on the same sub-frame. 
3.6
Coexistence with WAN Communication
To enable harmonious coexistence between WAN and discovery, the eNodeB should not schedule any new PUSCH transmission on discovery sub-frames. Any on-going HARQ transmissions can be suspended by the eNodeB and can be reactivated on non discovery sub-frames. 
Note that since discovery sub-frames is a small fraction of uplink sub-frames (0.64% in Figure 2) the impact of discovery on WAN will be minimal.
To further enable more harmonious coexistence, the discovery sub-frame allocation can be made non-contiguous. This is illustrated in Figure 11. 

Figure 11
Here discovery sub-frames are interspersed by WAN uplink sub-frames every 5 sub-frames. Such interspersing of sub-frames can be used to minimize the disruption to low delay traffic (such as voice) which is scheduled in a semi-persistent manner. 
Note interspersing discovery sub-frames with uplink sub-frames can lead to higher power consumption for UEs participating in discovery. So discovery sub-frames should be interspersed by only a small number of uplink sub-frames. 
Proposal 9: Interleave discovery sub-frames with small number of uplink sub-frames. This information should be added to the SIB based mechanism of Proposal 2a. 
4
Results

We now present results for our proposed discovery protocol. The results presented are

· Link level simulation results that will be used in our system level simulations.
· System level simulation results for our proposed design.
4.1
Link Level Results

4.1.1 Coding and Modulation

In our simulations we transmit 136 bits of discovery information. 24bits CRC is attached to the 136 bits to get 160 bits of information bits. Recall that our proposal is that one discovery resource occupies one RB pair in one sub-frame. With normal cyclic prefix (CP) this corresponds to 288 coded bits and with extended CP this corresponds to 240 coded bits. Also recall that we want to reuse the coding and modulation as defined for PUSCH. The discovery information is modulated using QPSK and turbo code defined in 3GPP TS 36.212  [5].
4.1.2 Decoding and Partial Matching

A UE participating in discovery will transmit discovery information that is potentially unique in its discovery signal. A UE that is trying to discover the first UE will try to extract the discovery information from the received discovery signal. If the second UE is successful it will call the first UE as discovered.
We consider two ways of extract discovery information in our simulations. In the first case we assume that the discovery information of a UE is not known at receiver. In this case receiving discovery information is simple decoding. However if discovery information of a UE is known at the receiver then the receiver does not need to successfully decode the whole discovery information. It can do what we call as partial bit matching. The receiver can compare the decoded bits (not all of them which maybe decoded correctly) with the known discovery information and count the number of bits matched. If the number of bits matched cross a certain number then with high probability we can declare that discovery information is successfully extracted and the UE can be declared as discovered. 

Partial bit matching can lead to some false alarm however that can be easily controlled by setting the number of bits to be matched appropriately. In our simulation we set the false alarm rate to 10-7 per successful partial match.
The second case where transmitted discovery information is known is clearly applicable to Restricted ProSe. It is also applicable to the case of Open ProSe where a UE is searching for some known discovery information.
4.1.3 Link Curves

4.1.3.1 Probability of Discovery versus Pathloss 
We now present probability of discovery with pathloss link curves. Here perfect channel estimation is assumed and the curve show performance for single receive antenna. Figure 12 below shows the performance for normal cyclic prefix, while Figure 13 shows the performance for extended cyclic prefix.
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Figure 12
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Figure 13
Note that for normal CP the link budget is around 132dB in the case of decoding and around 136dB in the case of decoding & partial matching. For extended CP the link budget numbers are130.5dB and 136dB respectively.
4.1.3.2 Imperfect Channel Estimation

We now present our results with imperfect channel estimation. The discovery signal transmitted by a UE is similar to PUSCH, so there are two pilots available (as shown in Figure 7). We use the two pilots to estimate frequency offset. After de-rotation by the frequency offset we fit the channel estimate of pilot symbols to a second-order polynomial across tones. The channel is assumed to be constant in across time within a sub-frame.
We ran our simulations with fading. The fading model used was the agreed ITU SCM model with dual mobility. To obtain a worst-case estimation of the performance loss due to imperfect channel estimation, we present the result for UMi NLOS case of the SCM channel model which has the largest delay spread. Figure 14 plots the block error rate versus instantaneous SNR for the normal cyclic prefix and decoding case. (Here SNR is the ratio of total received energy on a RB and noise power on the RB.) The plot shows the performance of channel estimation and decoding with different transmitter and receiver speeds. (The speeds are based on the agreement listed in [10].)
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Figure 14
Here SNR corresponds to total power received on a RB divided by the total noise of on the RB. For comparison we also plot the perfect channel estimation curve. Note that the loss due to channel estimation is 1-2dB. We found similar loss for extended CP and decoding and partial bit matching. We use these plots for our system level simulations.
4.2
System Level Results

4.2.1 System Simulation Setup

We simulated a 19 macro (57 cells) layout with 150 UEs per cell. The simulation parameters such as wrap around, pathloss model, fading, in-band emissions were set according to the agreements achieved at RAN #72bis and RAN#73 and as described in [9][10]. Note for in-band emissions we use Option B.
In our simulation setup as proposed in our design sub-frames are periodically reserved for discovery. Each discovery period is 10 seconds long. Within a discovery sub-frame 44 middle RB pairs were used for discovery while the remaining RB pairs at the edge were used for PUCCH. UEs select a discovery resource from those discovery sub-frames as described in Section 3.3.3. The discovery resources hop as described in Section 3.5. We plot the performance of our protocol in a steady state where all UEs have selected their discovery resource and are engaged in discovery. We simulate and look at the performance across 40 discovery periods.
While calculating the SINR of a received discovery signal we combine the received signal across two antennas. In addition we take advantage of the periodic nature of discovery and combine the received signal across last 4 discovery periods. This link curve used and channel estimation penalty are as described in Section 4.2.3.
We plot the performance metrics as defined in [9]. For Restricted ProSe we plot the probability of discovery with pathloss with time instead of just probability of discovery with time.

Our simulations are for FDD LTE system. The performance for TDD system should be somewhat similar with differences in power consumption due to non-contiguous nature of available uplink sub-frames.

4.3.2 Results for General Scenario Synchronous Deployment

For the General Scenario we simulated Option 1 and Option 3 with macros synchronized. We used normal CP for this deployment. We reserved 29 contiguous sub-frames for discovery every 10 seconds. UEs transmit their discovery signal at 23dBm.
The power consumption based on agreed model in RAN1 #73, and WAN impact captured through resources used is shown in Table 1.

Table 1: Power consumption and impact to WAN for general scenario with synchronous deployment
	Power Consumption
	Total Power consumption
	[8*1 + 1*4 + 28 + 0.01 * (10000-29)] / 10000 = 0.014

	
	Type of subframes 
	# Subframes

	
	Total awake for discovery
	29

	
	Tx for discovery
	1

	
	Rx for discovery
	28

	
	Synchronization to WAN
	8

	WAN Impact
	0.29%


The detailed simulation results for discovery statistics and link budget performance are shown in appendix A1. Table 2 and Table 3 presents the summary of the results after 40 discovery periods for layout options 1 and 3, respectively. 
Layout Option 1
Table 2: Summary of results on discovery statistics after 40 discovery periods.

	Discovery Statistics
	Number of UEs discovered

	
	
	mean
	median
	90% tile

	
	Decoding only
	204
	130
	535

	
	Decoding and partial matching
	297
	160
	865

	
	False Alarm

	
	Decoding only
	0

	
	Decoding and partial matching
	1.77e-5


Layout Option 3

Table 3: Summary of results on discovery statistics after 40 discovery periods.
	Discovery Statistics
	Number of UEs discovered

	
	
	mean
	median
	90% tile

	
	Decoding only
	746
	745
	796

	
	Decoding and partial matching
	1137
	1137
	1203

	
	False Alarm

	
	Decoding only
	0

	
	Decoding and partial matching
	5.14e-5


4.3.2 Results for General Scenario Asynchronous Deployment

For the General Scenario we again simulated Option 1 and Option 3 but with macros not synchronized. The macros have different timing offsets from each other. We again used normal CP for this deployment. Here 12 sub-frames were reserved by each macro for discovery. The first sub-frame of which was used for transmitting timing signal as described in Section 3.4. So in practice there are 11 sub-frames available for discovery. Furthermore the allocation of discovery sub-frames was reused with a factor of 3 as described in Section 3.2. UEs transmit their discovery signal at the maximum power of 23dBm.
Note that based on our description in Section 3.4 a UE can detect two or more timings for the same overlapping allocation. The timing signals are transmitted at different frequency offset. As a result a UE with some offline processing can potentially decode the discovery signal from two different macros with overlapping allocation. In our simulation we assume that a UE is able to decode the discovery signals from exactly two different macros for the same allocation.
The power consumption and WAN impact is shown in Table 4.

Table 4: Power consumption and impact to WAN for general scenario with asynchronous network deployment

	Power Consumption
	Total Power consumption
	[8*1 + 2*4 + 36 + 0.01 * (10000-38)] / 10000 = 0.0152

	
	Type of subframes 
	# Subframes
	Comments

	
	Total awake for discovery
	38
	12 (1 for timing, 11 for discovery) x 3 (reuse factor) + 2 (additional since macros are asynchronous with non-aligned subframes)

	
	Tx for discovery
	2
	1 (discovery signal) + 1(timing signal)

	
	Rx for discovery
	36
	

	
	Synchronization to WAN
	8
	

	WAN Impact
	0.38%


The detailed simulation results for discovery statistics and link budget performance are shown in appendix A1. Table 5 and Table 6 presents the summary of the results after 40 discovery periods for layout options 1 and 3, respectively. 

Layout Option 1
Table 5: Summary of results on discovery statistics after 40 discovery periods.

	Discovery Statistics
	Number of UEs discovered

	
	
	mean
	median
	90% tile

	
	Decoding only
	169
	116
	417

	
	Decoding and partial matching
	230
	155
	579

	
	False Alarm

	
	Decoding only
	0

	
	Decoding and partial matching
	1.66e-5

	
	Decoding and partial matching
	151.2 dB


Layout Option 3

Table 6: Summary of results on discovery statistics after 40 discovery periods.
	Discovery Statistics
	Number of UEs discovered

	
	
	mean
	median
	90% tile

	
	Decoding only
	780
	784
	858

	
	Decoding and partial matching
	1183
	1186
	1302

	
	False Alarm

	
	Decoding only
	0

	
	Decoding and partial matching
	7.12e-5

	
	Decoding and partial matching
	142.1 dB


4.3.2 Results for Public Safety Scenario 

In this scenario we simulate two cases of Option 5, one, 80% of UEs are indoors with two RRH buildings per macro, two, all UEs are outdoors. All UEs transmit at 31dBm (instead of 23dBm in the General Scenario). Like General Scenario synchronous deployment case 29 sub-frames are allocated per discovery period. Recall that Public Safety scenario operates at 700MHz.
Our simulation results illustrates the performance for both out-of-network and in-network cases. For the out-of-network case we assume that synchronization is already achieved using the synchronization algorithms presented in our companion contribution [7]. In the in-network deployment case we assume that all macros are synchronized.
Because the synchronization error for out of network case can be high we use extended CP in our simulations.
The power consumption and WAN impact is shown in Table 7.

Table 7: Power consumption and impact to WAN for general scenario with asynchronous network deployment

	Power Consumption
	Total Power consumption
	[8*1 + 1*20 + 28*1 + 0.01 * (10000-29)] / 10000 = 0.0156

	
	Type of subframes 
	# Subframes

	
	Total awake for discovery
	29

	
	Tx for discovery
	1

	
	Rx for discovery
	28

	
	Synchronization to WAN
	8

	WAN Impact
	0.29%


The detailed simulation results for discovery statistics and link budget performance are shown in appendix A3. Table 8 and Table 9 presents the summary of the results after 40 discovery periods for layout options 5 with indoor/outdoor UE drop and outdoor only UE drop, respectively. 

Layout Option 5 with RRH buildings
Table 8: Summary of results on discovery statistics after 40 discovery periods.
	Discovery Statistics
	Number of UEs discovered

	
	
	mean
	median
	90% tile

	
	Decoding only
	218
	170
	411

	
	Decoding and partial matching
	286
	178
	711

	
	False Alarm

	
	Decoding only
	0

	
	Decoding and partial matching
	2.08e-5

	
	Decoding and partial matching
	158.2dB 


Layout Option 5 with all UEs outdoor
Table 9: Summary of results on discovery statistics after 40 discovery periods.
	Discovery Statistics
	Number of UEs discovered

	
	
	mean
	median
	90% tile

	
	Decoding only
	798
	798
	840

	
	Decoding and partial matching
	1305
	1304
	1357

	
	False Alarm

	
	Decoding only
	0

	
	Decoding and partial matching
	6.55e-5

	
	Decoding and partial matching
	150.9dB 


5
Conclusion 

In this contribution, we presented some design principles for D2D discovery, and then presented some proposals for the design which were validated through link and system simulations.
The proposals are summarized below:

Proposal 1: Use the same physical & MAC layer design for both Open ProSe and Restricted ProSe discovery. Discovery information for Restricted ProSe should be encoded appropriately.
Proposal 2a: Network reserves periodically occurring uplink sub-frames that will be used for discovery. For synchronous deployments the allocation can be same across deployment, and communicated using the SIB mechanism.

Proposal 2b: For asynchronous deployments the allocation can be on a per macro basis with neighbouring macros allocating non- overlapping allocations and rough reuse of allocation across non-neighbour macros.

Proposal 2c: In the out- of- network/partial-network case the allocation can be pre-configured.
Proposal 3: Within the discovery sub-frames use the whole of PUSCH for discovery.

Proposal 4: PUSCH should be frequency multiplexed into discovery resources each consisting of an RB pair. 

Proposal 5: Reuse PUSCH modulation and coding for discovery signals.

Proposal 6: Resource selection should be based on the received energy on the discovery resources.

Proposal 7: Discovery sub-frames should use downlink timing. For asynchronous deployments UEs can forward the timing of their associated macro on the first sub-frame of their allocation.

Proposal 8: Hopping of discovery resources needs to be done to reduce the effect of near far and half duplex problems. The hopping pattern should minimize the number of times two discovery resources occur on the same sub-frame. 

Proposal 9: Interleave discovery sub-frames with small number of uplink sub-frames. This information should be added to the SIB based mechanism of Proposal 2a.
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Appendix 1. Results for General Scenario Synchronous Deployment
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Figure A1.1 Average Number of UEs discovered versus number of discovery periods
Figure A1.1 plots the number of UEs discovered using decoding only and using decoding & partial matching. On average 204 UEs can be discovered after 40 discovery periods using decoding only, and on average 297 UEs can be discovered after 40 peer discovery periods, using decoding & partial matching.
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	Figure A1.2 CDF of Number of UEs discovered using decoding only
	Figure A1.3 CDF of Number of UEs discovered using decoding & partial matching


Figure A1.2 plots CDF of number of UEs discovered as a function of time using decoding only, the step behaviour is because there are 80% indoor UEs. The median point of number of UEs discovered after 40 discovery periods is 130. Figure A1.3 plots CDF of number of UEs discovered as a function of time for decoding & partial matching. We again observe the step behaviour because of the 80% indoor UEs. The median point of number of UEs discovered after 40 discovery periods is 160. 
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	Figure A1.4 Probability of discovery versus pathloss using decoding only
	Figure A1.5 Probability of discovery versus pathloss     using decoding & partial matching


Figure A1.4 plots probability of discovery versus pathloss using decoding only, at 141.5dB pathloss there is 10% probability of discovery after 40 discovery periods. Figure A1.5 plots the probability of discovery versus pathloss using decoding & partial matching; note that at 148.5dB pathloss there is 10% probability of discovery after 40 discovery periods. 

Note that there is non-monotonic behaviour of probability of discovery versus pathloss curve in the indoor-outdoor deployment. This is the combined effect of different types of UEs, i.e., the UEs outdoor, UEs inside buildings and UEs virtually indoor. We also showed curves of probability of discovery versus pathloss for all three different types of UEs. 
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	Figure A1.6 Probability of discovery versus pathloss for outdoor UEs using decoding only
	Figure A1.7 Probability of discovery versus pathloss for truly indoor UEs using decoding only
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Figure A1.8 Probability of discovery versus pathloss for virtually indoor UEs using decoding only

Figure A1.6 plots probability of discovery versus pathloss using decoding only for outdoor UEs. Figure A1.7 plots probability of discovery versus pathloss using decoding only for truly indoor UEs. Figure A1.8 plots probability of discovery versus pathloss using decoding only for virtually indoor UEs. From figure A1.6 to figure A1.8, we can see that the probability of discovery versus pathloss is actually monotonic for all UEs.

Layout Option 3:
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Figure A1.9
Figure A1.9 plots the number of UEs discovered using decoding only and using decoding & partial matching. On average 746 UEs are discovered after 40 discovery periods in the case of decoding only, and on average 1137 UEs are discovered after 40 discovery periods in the case of decoding & partial matching.
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	Figure A1.10 CDF of Number of UEs discovered using decoding only
	Figure A1.11 CDF of Number of UEs discovered using decoding & partial matching


Figure A1.10 plots CDF of number of UEs discovered as a function of time using decoding only. The median point of number of UEs discovered after 40 discovery periods is 745. Figure A1.11 plots CDF of number of UEs discovered as a function of time using decoding & partial matching. The median point of number of UEs discovered after 40 discovery periods is 1137. 
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	Figure A1.12 Probability of discovery versus pathloss using decoding only
	Figure A1.13 Probability of discovery versus pathloss     using decoding & partial matching


Figure A1.12 plots probability of discovery versus pathloss using decoding only, at 131.5dB pathloss after 40 discovery periods there is 10% probability of discovery. Figure A1.13 plots the probability of discovery versus pathloss using decoding & partial matching, at 137.5dB pathloss there is 10% probability of discovery after 40 discovery periods.
Appendix 2. Results for General Scenario Asynchronous Deployment
Layout Option 1:
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Figure A2.1 Average Number of UEs discovered versus number of discovery periods
Figure A2.1 plots the number of UEs discovered using decoding only and using decoding & partial matching. On average 169 UEs can be discovered after 40 discovery periods using decoding only, and on average 230 UEs can be discovered after 40 peer discovery periods, using decoding & partial matching.
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	Figure A2.2 CDF of Number of UEs discovered using decoding only
	Figure A2.3 CDF of Number of UEs discovered using decoding & partial matching


Figure A2.2 plots CDF of number of UEs discovered as a function of time using decoding only, the step behaviour is because there are 80% indoor UEs. The median point of number of UEs discovered after 40 discovery periods is 116.  Figure A2.3 plots CDF of number of UEs discovered as a function of time using decoding & partial matching, the step behaviour is because there are 80% indoor UEs. The median point of number of UEs discovered after 40 discovery periods is 155. 
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	Figure A2.4 Probability of discovery versus pathloss using decoding only
	Figure A2.5 Probability of discovery versus pathloss     using decoding & partial matching


Figure A2.4 plots the probability of discovery versus pathloss using decoding only, at 143.6dB pathloss there is still 10% probability of discovery. Figure A2.5 plots probability of discovery versus pathloss using decoding & partial matching, at 151.2dB pathloss there is still 10% probability of discovery. 

Note that the non-monotonic behaviour of probability of discovery versus pathloss curve is because the probability of discovery is averaged across indoor, virtual indoor and outdoor UEs, while they differ in the interference experienced due to in-band emissions. Similar to the result presented in Appendix A.1 (Figures A1.6 through A1.8), the probability of discovery versus pathloss observed individually for the indoor, virtual indoor, and outdoor UEs is monotonic, and is not presented here for brevity. 
Layout Option 3:  
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Figure A2.6 Average Number of UEs discovered versus number of discovery periods
Figure A2.6 plots the number of UEs discovered using decoding only and using decoding & partial matching. On average 780 UEs can be discovered after 40 discovery periods using decoding only, and on average 1183 UEs can be discovered after 40 peer discovery periods, using decoding & partial matching.
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	Figure A2.7 CDF of Number of UEs discovered using decoding only
	Figure A2.8 CDF of Number of UEs discovered using decoding & partial matching


Figure A2.7 plots CDF of number of UEs discovered as a function of time using decoding only. The median point of number of UEs discovered after 40 discovery periods is 784. Figure A2.8 plots CDF of number of UEs discovered as a function of time using decoding & partial matching. The median point of number of UEs discovered after 40 discovery periods is 1186. 
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	Figure A2.9 Probability of discovery versus pathloss using decoding only
	Figure A2.10 Probability of discovery versus pathloss     using decoding & partial matching


Figure A2.9 plots probability of discovery versus pathloss using decoding only, at 136.4dB pathloss there is still 10% probability of discovery. Figure A2.10 plots probability of discovery versus pathloss using decoding & partial matching, at 142.1dB pathloss there is still 10% probability of discovery.

Appendix 3. Results for the Public Safety Scenario
Layout Option 5 with RRH buildings: 
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Figure A3.1 Average Number of UEs discovered versus number of discovery periods
Figure A3.1 plots the number of UEs discovered using decoding only and using decoding & partial matching. On average 218 UEs can be discovered after 40 discovery periods using decoding only, and on average 286 UEs can be discovered after 40 peer discovery periods, using decoding & partial matching.
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	Figure A3.2 CDF of Number of UEs discovered using decoding only
	Figure A3.3 CDF of Number of UEs discovered using decoding & partial matching


Figure A3.2 plots CDF of the number of UEs discovered as a function of time using decoding only, where the step behaviour is because there are 80% indoor UEs. The median point of number of UEs discovered after 40 discovery periods is 170. Figure A3.3 plots CDF of the number of UEs discovered as a function of time using decoding & partial matching, where the step behaviour is because there are 80% indoor UEs. The median point of number of UEs discovered after 40 discovery periods is 178.
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	Figure A3.4 Probability of discovery versus pathloss using decoding only
	Figure A3.5 Probability of discovery versus pathloss     using decoding & partial matching


Figure A3.4 plots the probability of discovery versus pathloss using decoding only, where at 150.2dB pathloss there is still 10% probability of discovery. Figure A3.5 plots probability of discovery versus pathloss using decoding & partial matching, at 158.2dB pathloss there is still 10% probability of discovery. 

Again note that there is non-monotonic behaviour of probability of discovery versus pathloss curve in the indoor-outdoor deployment. This is because the probability of discovery is averaged across different types of UEs, i.e., UEs outdoor and UEs inside buildings. Similar to the result presented in Appendix A.1 (Figures A1.6 through A1.8), the probability of discovery versus pathloss observed individually for the indoor and outdoor UEs is monotonic, and is not presented here for brevity.
Layout Option 5 with all UEs outdoor:
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Figure A3.6
Figure A3.6 plots the number of UEs discovered using decoding only and using decoding & partial matching. On average 798 UEs can be discovered after 40 discovery periods using decoding only, and on average 1305 UEs can be discovered after 40 peer discovery periods, using decoding & partial matching.
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	Figure A3.7 CDF of Number of UEs discovered using decoding only
	Figure A3.8 CDF of Number of UEs discovered using decoding & partial matching


Figure A3.7 plots CDF of the number of UEs discovered as a function of time using decoding only. The median point of the number of UEs discovered after 40 discovery periods is 798. Figure A3.8 plots CDF of the number of UEs discovered as a function of time using decoding & partial matching. The median point of the number of UEs discovered after 40 discovery periods is 1304. 
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	Figure A3.9 Probability of discovery versus pathloss using decoding only
	Figure A3.10 Probability of discovery versus pathloss     using decoding & partial matching


Figure A3.9 plots the probability of discovery versus pathloss using decoding only, at 144.4dB pathloss there is still 10% probability of discovery. Figure A3.10 plots the probability of discovery versus pathloss using decoding & partial matching, at 150.9dB pathloss there is still 10% probability of discovery
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