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1
Introduction
In previous contributions, the benefits that synchronization of different cells in a network brings were described in detail [1], [2]. Furthermore, network synchronization is a requirement for TDD operation in E-UTRAN (LTE). In [3], a self-synchronization technique in which HeNBs achieve synchronization from other eNBs was presented.  The issue of interference during the process of self-synchronization was considered. It was argued that “coordinated silence,” in which all self-synchronizing eNBs use the same time interval to track the GNSS-synchronized eNB, could be used to address the interference issue. 

The rest of this document is organized as follows. In Section 2, we briefly revisit the Coordinated Silence mechanism, first presented in [3],. In Section 3, we present self-synchronization simulation results with and without coordinated silence. We consider the performance in a HeNB-only scenario, as well as a co-channel deployment of HeNBs and macro eNBs. In both scenarios, coordinated silence helps the HeNBs achieve synchronization almost always, while there are very high outages without coordinated silence. In Section 4, we present some conclusions.   
2
Discussion 
Given the necessity of synchronization for TDD and possible benefits for FDD, it is clear that methods of achieving synchronization for HeNBs need to be supported. Note that the synchronization accuracy requirements are in the range of microseconds. Further discussion of synchronization accuracy requirements may be found in [2]. 
Network-based protocols can not achieve this level of synchronization, especially when the network is not operator controlled and is susceptible to variable packet delays. GNSS (e.g. GPS) based synchronization may also not work especially for indoor HeNBs. Additionally, inclusion of a GPS receiver adds cost, which is particularly undesirable for HeNBs as they are sold to an end consumer.  Therefore, there is a clear cost and performance benefit to doing “self-synchronization,” wherein a HeNB achieves synchronization from other synchronized cells.   
However, as discussed in [3], self-synchronization is susceptible to interference issues. In particular, cells that are in the vicinity of other self-synchronizing cells may not be able to receive the synchronization signals from a farther off cell due to strong interference from the other cells. In coordinated silence this problem is mitigated by ensuring that all the self-synchronizing cells track the synchronization signal at roughly the same time (coordinated for example via NTP). Alternatively, asynchronous cells should not be allowed to transmit while they are attempting to acquire synchronization. This would be the case for TDD cells. 
Once the search is completed, the cells need to continue tracking the synchronization signal periodically (to account for clock drifts caused by frequency error.) This should be done by ensuring that the cells track the synchronization signal at the same time, so that they don’t interfere with each other. Figure 1 shows coordinated silence in which eNB1 tracks eNB0 without interference from eNB2. Additionally, eNB2 tracks the synchronization signals from eNB1.
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Fig. 2.1  eNB2 provides a silence interval that allows eNB1 to synchronize to and track eNB0

Note that tracking can be done at very low periodicity (order of a few seconds or higher) as the clock drifts are usually in the order of a fraction of a part per million (for example 250 ppb in the case of HNBs in Rel 8). In order to achieve satisfactory performance, the nodes must co-ordinate their silence periods, and utilize these opportunities to achieve and maintain synchronization. 
The synchronization stratum of a particular eNB is defined as the smallest number of hops between the eNB and the GPS source. Based on the stratum value the eNB decides when to silence its transmissions. The eNBs with inherent synchronization (e.g. from a GNSS source) are defined as stratum 0, the eNBs acquiring synchronization from these have stratum 1 and so forth (e.g. in Fig. 1 eNB1 has stratum 1 and eNB2 has stratum 2).　The subframes in which an eNB silence its transmissions can be set in a specification as of a function of stratum. No extra signaling (either backhaul or OTA) for coordinating the silence periods is necessary.
The subframes when an eNB stops transmitting for acquiring or tracking synchronization could impact UEs that expect signal transmission at that time. This impact can be minimized if the UEs would be aware of the lack of signal transmissions. One simple way to achieve this would be to have the eNB declare these subframes as MBSFN subframes. In this case the subframes would simply be ignored by the UEs and hence would not impact the UEs. 
3
Performance Analysis

A simulation was performed to analyze the performance of self synchronization and the interference mitigation techniques (coordinated silence). Section 3.1 describes the simulation setup and Section 3.2 describes the simulated scenarios and the corresponding simulation results.
3.1
Simulation Setup

The simulation considers a heterogeneous deployment model where a number of HeNBs are deployed with macro eNBs. Planned deployment is assumed for macro eNBs and the HeNBs are randomly deployed inside clusters that model apartment buildings as shown in Fig. 3.1. The system simulation parameters used to model the above deployment are given in Table 1 and Table 2. Wrap around for the cells has been implemented to take care of edge effects. The propagation and deployment models are chosen according to the evaluation methodology in [4].

Two scenarios are assumed. In the first one, macro eNBs are assumed to be synchronized and all HeNBs are assumed to be asynchronous. HeNBs try to acquire synchronization from a macro eNB or from an already synchronized HeNB. In the second scenario there are no macro eNBs but some HeNBs (one per cluster) are assumed to be synchronized (e.g. GPS synchronization). The asynchronous HeNBs try to acquire synchronization from other HeNBs that are already synchronized.  The number of clusters per macro cell and the number of HeNBs per cluster (cluster penetration) are used as parameters.
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Fig. 3.1 Deployment model

Table 1: Simulation Parameters used for Macro eNBs
	Parameter
	Assumption

	Cellular Layout
	Hexagonal grid, 19 cell sites, omni antennas site with wraparound

	Inter-site distance
	1000 meters

	Distance dependent path loss between macro eNBs and HeNBs
	PL = 128.6 + 36.7 log(D), D in km

	Shadowing 
	Lognormal shadowing with standard deviation 8.9 dB

	Shadowing correlation 
	0.5

	Carrier Frequency
	2 GHz

	Total BS transmission power
	43 dBm

	Antenna Gain
	9dBi

	Penetration Loss
	10 dB


Table 2: Simulation parameters used for HeNBs
	Parameter
	Assumption

	Cellular Layout
	Clusters of  HeNBs dropped randomly, HeNBs dropped randomly inside the clusters

	Distance dependent path loss between HeNBs
	PL = 127 + 30log10(D), ‘D’ in km 

(dense-urban deployment has been assumed)

	Shadowing 
	Lognormal shadowing with standard deviation 10 dB

	Shadowing correlation 
	0.5

	Gain due to Antenna pattern  
	0 dB 

	Carrier Frequency
	2 GHz

	HeNB transmit power
	10 dBm or 20 dBm

	Clusters dimensions
	5x5 apartment grid, each apartment is 10mx 10m

	Noise figure
	10 dB

	Synchronization threshold
	-6dB


3.2
Simulation Results
Using the above setup, simulation was performed for the previously introduced scenarios. Two cases, HeNB Tx power 10dBm and 20dBm were considered. The results show the geometry (SINR) of the HeNBs and the probability mass function (pmf) of their stratum for the case of coordinated silence (stratum -1 denotes the case when synchronization could not be acquired). All the results show that coordinated silence is very effective in combating the interference problem.

3.2.1 Scenario 1: With GNSS-synchronized macro eNBs
· HeNB Tx power 10dBm
· 10 clusters, 5 HeNBs per cluster
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                                  Fig. 3.2.1 SINR CDF                                                        Fig. 3.2.2 Stratum pmf  
· 　10 clusters, 2 HeNBs per cluster
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Fig. 3.2.3 SINR CDF                                                       Fig. 3.2.4 Stratum pmf 
· 4 clusters, 5 HeNBs per cluster
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Fig. 3.2.5 SINR CDF                                                       Fig. 3.2.6 Stratum pmf 
· 4 clusters, 2 HeNBs per cluster
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Fig. 3.2.7 SINR CDF                                                       Fig. 3.2.8 Stratum pmf 
· 4 clusters, 12 HeNBs per cluster
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Fig. 3.2.9 SINR CDF                                                       Fig. 3.2.10 Stratum pmf 
· HeNB Tx power 20dBm
· 10 clusters, 5 HeNBs per cluster
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Fig. 3.2.11 SINR CDF                                                       Fig. 3.2.12 Stratum pmf
All the results show that the SINR without coordinated silence is very low. Without any interference management, the HeNBs create high interference between each other and hence, the probability to acquire synchronization becomes very small. Note that even if first HeNB acquires synchronization from a stratum-0 eNB, and a second HeNB acquires synchronization from the first HeNB, the first HeNB will lose synchronization the moment the second HeNB starts transmitting in the absence of coordinated silence.  
The probability of acquiring synchronization decreases as the number of HeNBs increases due to increased interference reaching less than 10% for the case of 12 HeNBs per cluster. With the same number of HeNBs per cell, the case with a smaller number of clusters and higher density per cluster shows higher interference. The increase in transmit power (Fig. 3.2.1 and Fig. 3.2.11) also leads to higher level of interference.

Coordinated silence shows robust performance in all cases so it is a very effective technique of interference management. Outage probability is very small (stratum -1) and even that is only seen in cases with small penetration, 2 HeNBs per cluster. In such cases, the macro SINR is very low indoors for all the HeNBs; none of the HeNBs actually acquires synchronization from the macro eNB. As the number of HeNBs in a cluster increases, the probability of such an event goes down exponentially. The highest stratum seen is 3 so synchronization can be achieved with 3 hops in these setups. With other setups, a slightly larger number of hops may be needed. Note that a very large number of hops would be undesirable as synchronization errors may add up, and synchronization of a particular HeNB may break even if one of the hops breaks. Thus coordinated silence not only addresses the interference issue, but also improves robustness and accuracy. 
3.2.2 Scenario 2: Only HeNBs, no macro eNBs, one HeNB per cluster is GNSS- synchronized

· HeNB Tx power 10dBm
· 10 clusters, 5 HeNBs per cluster
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Fig. 3.2.13 SINR CDF                                                       Fig. 3.2.14 Stratum pmf 
· 10 clusters, 2HeNBs per cluster
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Fig. 3.2.15 SINR CDF                                                       Fig. 3.2.16 Stratum pmf
· 4 clusters, 5HeNBs per cluster
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Fig. 3.2.17 SINR CDF                                                       Fig. 3.2.18 Stratum pmf
· 4 clusters, 12 HeNBs per cluster

[image: image21.emf]-20 -10 0 10 20 30

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

dB

cdf

SINR with 48HeNBs  per macro

 

 

Sync HeNB SINR

SINR w/o coordinated silence

[image: image22.emf]-1 0 1 2

0

0.2

0.4

0.6

0.8

1

Stratum PMF for 48 HeNBs per macro

stratum

pmf


Fig. 3.2.19 SINR CDF                                                       Fig. 3.2.20 Stratum pmf
· HeNB Tx power 20dBm
· 10 clusters, 5HeNBs per cluster
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Fig. 3.2.21 SINR CDF                                                       Fig. 3.2.22 Stratum pmf
The results for the scenario without macro eNBs are consistent with the results in Scenario 1. These results also show that the SINR without coordinated silence is very low and confirm that without any interference management, the HeNBs create high interference between each other.  The probability of acquiring synchronization decreases as the number of HeNBs increases due to increased interference reaching 10% for the case of 12 HeNBs per cluster. With the same number of HeNBs per cell, the case with a smaller number of clusters and higher density per cluster shows higher interference.

In this scenario also, coordinated silence shows robust performance for all the considered cases. The highest stratum seen is 2 due to the fact that HeNBs with GPS synchronization are considered to be stratum 0.

4
Conclusion
In this contribution, we discussed the need for synchronization in TDD systems. We considered the issues with techniques such as GNSS and NTP, and presented the mechanism of self-synchronization with coordinated silence to overcome these issues. Simulation results show that self-synchronization with coordinated silence helps virtually all HeNBs achieve synchronization in a wide range of scenarios (co-channel and HeNB-only deployments, different HeNB densities, different HeNB powers etc.). We therefore recommend RAN4 to endorse self-synchronization with coordinated silence as a means to achieve synchronization for HeNBs and reflect this endorsement in the technical report on HeNBs.    
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