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1. Introduction
The objectives of D2D synchronization are as follows:

· A UE must synchronize its receiver reference timing and carrier reference frequency with that of its neighbors in order to decode D2DSS, D2D communication and D2D discovery signals transmitted by them.

· A UE must synchronize its transmitter reference timing and carrier reference frequency with that of its neighbors in order to minimize the number of asynchronous timings and frequencies with in the neighborhood. 
Following agreements were made on D2D synchronization procedure in study item [3] 
· Before transmission of D2DSS, a UE searches for synchronization sources
· If a synchronization source is not detected, a UE may nevertheless transmit D2DSS
In RAN1 #76Bis [4], it has been agreed that
· For selection of a timing reference D2D synchronization source
· The same prioritization rules should be applied for selection and reselection of the synchronization sources
· For out-of-coverage UEs
· Synchronization resources that occur periodically are used for transmitting D2DSS
· Periodicity of synchronization resources is pre-configured 
In RAN #77 [3], the following agreements have been made:

· PD2DSCH is specified at least for indication of out of coverage D2D transmit resource pool or D2D frame number

We compare the performance of hierarchical and flat procedures within the framework of the above agreements.
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2. Hierarchical Synchronization Approach
In Hierarchical approach, UEs form a hierarchical network (cluster) where the UE acting as the root node, referred here by Independent synchronization source (ISS), provides reference timing and frequency to the rest of UEs within the cluster. An ISS periodically transmits D2D synchronization signals (D2DSS). UEs within the neighborhood of the ISS derive their reference timing and frequency from the D2DSS signals received from the ISS. Further, some UEs may relay the D2DSS received from the ISS which extends the synchronization area of the cluster. We refer to the relaying UEs by Synchronization Sources (SS). Multi-hop relaying of D2DSS may be used to further extend the coverage of the cluster. 
2.1 Synchronization procedure

State flow of Hierarchical synchronization procedure is shown in Figure 2. After wake up, a UE enters into search phase. In the search phase, UE exhaustively searches for synchronization sources in the neighborhood. During this phase, the device does not transmit any D2D signal. The search phase may span over one or more synchronization periods. 
If one or more synchronization sources are detected during this phase, the UE enters into synchronization reference selection stage and then into synchronized phase. If no other reference sources are detected, the UE assumes the role of ISS and enters into independent synchronization 
phase.
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                      Figure 1:  Hierarchical Synchronization Procedure
In the synchronized phase, the UE may transmit and receive D2DSS in the respective sub frames (synchronization sub frames). Also, it may engage in D2D communication and D2D discovery. The UE may periodically search for D2DSS signals during the synchronized phase. If new sources are detected, then it may enter into synchronization source reselection stage. Additionally, the UE attempts to reselect its reference source, in the cases where the current reference source stops transmitting D2DSS or moves away from the neighborhood.  If the synchronization reference reselection fails, the UE may set a random value to search timer and enters into search phase. The random value may be chosen based on its battery level, buffer status etc.
    
  Prior to entering the ISS phase, the UE chooses ISS expiry time, the duration of its ISS phase. The ISS expiry time may be a function of battery level, buffer status, velocity of the device etc. During this phase, the UE broadcasts D2DSS. Further, it may engage in D2D communication and D2D discovery.  After exiting ISS phase, the UE may attempt to reselect its reference source. If the reselection attempt fails, it enters into search phase after setting appropriate value to the search phase timer. Here, it may choose a larger value for the search phase timer to minimize the probability of entering into the role of ISS again.
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2.2 Synchronization Reference Selection 

During the searching phase, a device exhaustively searches for the presence of synchronization sources in its neighborhood. If PSS/SSS or D2DSS from the set D2DSSue_net are detected, then the UE is either within network coverage or within partial network coverage. We do not consider these scenarios in this contribution. The focus of the contribution is limited to out-of-coverage scenario. In this case, the UE either detects D2DSS from the set D2DSSue_oon or detects none. 

First we discuss how the transmit timing is chosen. When no other synchronization sources are detected, the UE chooses its own internal clock as the transmit timing and frequency reference. 

If more than one D2DSS (from the set D2DSSue_oon) are detected, apply a multi-level priority rule to select a synchronization reference source. In this contribution, we have studied the following priority rules. 

Rule 1: Higher Age > Lower stratum level > Higher received power (Here x > y implies that x has higher priority compared to y).

Rule 2: Lower stratum level > Higher Age > Higher received power 
Here Rule-1 is read as follows: Synchronization source(s) with the highest age is (are) given the highest priority. Among the sources with the same age, the contention is resolved based on the stratum level; the source(s) with lowest stratum level is (are) selected. Finally, from the sources with same stratum level, the one with highest received power (measured in terms of RSRP, RSSI etc.) is chosen. Similarly Rule-2 also can be interpreted. Further, a device relays synchronization signal if its stratum level is less than the maximum stratum level and no D2DSS are detected above threshold X dBm.
A UE may choose more than one reference timings for D2D reception. As the clusters are formed in an ad-hoc way, more than one cluster may be present in the neighborhood of a UE. Hence, for receiving D2D communication and discovery signals from its neighbors who may belong to different clusters, the UE must track reference timings of more than one cluster. 
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2.3 Synchronization Reference Reselection
A UE may attempt to reselect its synchronization reference under the following conditions: 1) The synchronization reference signal quality from the current synchronization reference source falls below a threshold 2) Current synchronization reference ceases D2DSS transmission 3) Periodic scanning uncovers new synchronization sources.

When the reference source moves away or stops transmitting synchronization signal  the UE must attempt to reselect a new reference from its neighborhood. It may reselect one from the set of already detected sources applying the same rule as that used for selection. If no sources are detected, then the UE enters into search phase. The duration of the search period is chosen randomly. At the end of search period, if no other synchronization signals are detected, it assumes the role of ISS and proceeds to transmit D2DSS. Otherwise, a reference is selected from the list of detected sources during the search phase.

2.4 Synchronization Channel Structure

The synchronization channel is periodic. Each instance of the synchronization channel spans over 6 centre RBs and one sub frame.  As shown in Figure 1, distinct synchronization channels are allocated for each stratum-level and they are time division multiplexed. This approach is similar in spirit to the one proposed in [2].
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Synchronization Channel for Stratum-0 devices

                                                            Synchronization Channel for Stratum-1 devices


                          Figure 2:  Synchronization Channel Structure

ISS must transmit D2DSS in all Stratum-0 synchronization sub frames. Other devices within the cluster need not transmit in all respective synchronization channels. Their channel access may be based on their battery level, buffer status, the number of Synchronization Sources (SS) in the neighborhood etc. 


 

3. Flat Synchronization Approach

Flat procedure refers to the process where the devices in a neighbourhood arrive at common notion of timing through consensus. The devices exchange their notion of timing with the immediate neighbours. Each device iteratively updates their local notion of reference timing from the timing information received from its neighbours until a consensus is reached.  This is a fully distributed approach, where there is no single central device to which all other devices synchronize to. 


3.1 Synchronization Procedure

On wake-up, a device scans for synchronization signals. If the device does not detect any other synchronization reference signal, then its own internal clock is chosen as the synchronization reference. On the other hand, if one or more synchronization sources with distinct timings are detected, then a simple approach is where each UE iteratively updates its local reference timing towards the linear average of the timings received from its neighbours. However, convergence is not guaranteed due to the accumulation of propagation delays resulting from two way exchange of timing between the devices.
Alternatively, we study the following method. Select the subset of sources among the detected ones with highest sub frame number. If the timings received from all sources in the subset fall close to each other, i.e., all the timings fall within a time span of Tth duration,  then update local reference clock towards the mean of the timings. On the other hand, remove a few sources from the subset so that rest of them satisfy the above condition. Then, update local timing in similar fashion.  
3.2 Synchronization Channel Structure

Synchronization channel structure and its periodicity are same as that of the hierarchical case. However, as there are no stratum levels, all UEs are allowed to transmit in all instances of the synchronization channel.

4. Results and Discussion
We simulated and compared the following approaches. Simulation parameters are listed in Table 1.

Hierarchical Procedure 1 (HP1):  The priority rule for synchronization reference selection is given by Lower stratum level >Higher Age > > Higher received power. We have chosen maximum stratum level equal to 3.
Hierarchical Procedure 2 (HP2):  The priority rule for synchronization reference selection is given by Higher Age > Lower stratum level > Higher received power. We have studied using maximum stratum level values 2 and 3.
Flat Procedure 1 (FP1):  Linear consensus update algorithm (conventional approach)

Flat Procedure 2 (FP2):  Algorithm discussed in Section 3.1
Simulation Assumptions: For simulation purpose, we assume that the devices are not changing their physical locations. Also, we set ISS timer to be infinity in for both HP1 and HP2. Further, we have chosen synchronization channel periodicity as 40ms, search phase duration as 160ms, and short scan time as 40ms, periodic scanning triggers every 1200ms. We also assume that synchronization signals from associated devices can be detected with zero detection error. Further, clock skew of all devices is assumed to be negligibly small. Our results are for Outdoor scenario.

Figure 3: Network Dynamics
Figure 4: CDF of the number of clusters in the                    neighbourhood

First, we compare HP1 and HP2. Figure 3 shows that the number of clusters (asynchronous timings) in the system converges to 33, 17 and 9 for HP1, HP2 (MaxHop 2), HP2 (MaxHop 3) respectively. The number of clusters (excluding the one to which it is associated) in the neighbourhood of a device is shown in Figure 4. From Figure 4, the maximum number of asynchronous clusters to be tracked is 6, 4 and 3 respectively for the schemes studied. The c.d.f of timing mismatches between associated D2D devices is shown Figure 5. If each device is considering only one receive reference timing, and then timings of 45%, 68% and 75% of associated devices are within extended CP for the above schemes
Observation 1: In comparison with HP1, the approach HP2 produces less number of asynchronous clusters in the system.


Figure 5: Timing mismatch between associated devices

. 

Observation 2: The number of asynchronous timings in the neighbourhood of a device in HP2 is lower than that in HP1
Now, we compare FP1 and FP2. As shown in Figure 6, the number of asynchronous timings in both approaches converges to one after 500 synchronization periods. Figure 7 shows that while 95% of D2D UEs in the neighbourhood are within extended CP in approach FP1, all D2DUEs satisfy the criteria in FP2.
Observation 3: FP2 provides better neighbourhood coverage than FP1.

     Figure 6: Network Dynamics
                      Figure 7: CDF of Timing mismatch between                        associated devices
Next, in Figure 8 we observe that the number of devices updating their timings never falls to zero (Note that we have a static network. Further, clock skew of the devices is modelled as zero) in FP2. However in FP1, after the last device has entered the system, there are no more devices updating their timing. Figure 9 captures the instantaneous maximum value of timing changes (computed over all devices the system). It can be seen that the maximum update value is not zero for FP1 even after the last device has woken up. 
Observation 4:  FP2 has lower convergence time compared to FP1
Finally, we compare Flat and Hierarchical procedures. We consider the candidate solutions HP2 and FP2 as they are better than their counterpart. From Figure 3 - Figure 7, we make the following observations.

Observation 5: Network dynamics of FP2 converges faster than HP2. 

Observation 6:  The number of asynchronous timings (clusters) in FP2 is less than that in HP2

Observation 7:  FP2 provides better neighbourhood coverage than HP2.


 Figure 8: Number of devices updating timing
Figure 9: Maximum over all instantaneous timing updates

5. Conclusion
From the above observations, we conclude that Flat procedure clearly outperforms Hierarchical in terms of convergence time and neighbourhood coverage. Further, Flat approach is more resilient to mobility as well as arrival and departure dynamics of the devices. However, the adverse impact of clock skew, inaccuracies in timing and frequency estimates etc. may be much more severe in the case of Flat approach compared to Hierarchical approach. Hence, further study is required to evaluate both schemes.
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Appendix

	No of UEs in the system
	672 (32 UEs per sector)

	LTE Layout
	 Option 5 (IMT Urban Macro with 1732 m ISD), Outdoor

	UE RF parameters
	Max transmit power of  23 dBm , 1 Tx ,  Antenna gain 0 dBi, Noise figure 9 dB

	RSRP threshold
	-107 dBm,

	UE drop
	Uniform.

	Minimum distance between UEs
	>=3 m


                                              Table 1: Simulation Parameters
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