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7.3.1.3 Achievable synchronization accuracy

The achievable time synchronization accuracy can be impacted by many factors, including 

· Channel condition of received network listening RS at the target cell;

· High interference in dense small cell deployment may degrade the hearability of the received network listening RS when cells with relatively lower received power must be used for synchronization due to hop number constraints. In such a case, interference management, e.g., by PDSCH-RE-muting to the network listening RS, by SFN transmission of the network listening RS etc. may improve performance in cases where interference is the main limitation. In some cases, increasing the listening period may also improve performance. 
· The RS being used for synchronization, e.g., PRS and CRS may have different processing gains and experience different levels of interference;  
· Propagation delay between source cell and target cell;

· The number of hops in small cell clusters;

· The synchronization accuracy can decrease as the number of hops increases. So the number of maximum hops may have to be limited. 

· Limiting the number of maximum hops would further decrease the channel condition of received network listening RS at some target cells.

· Time drift between the network listening slots caused by frequency synchronization error 
· Synchronization status of the original synchronization sources

· Source cell selection mechanism
If non-radio interface based solutions cannot always be used for frequency synchronization in small cell deployments, the radio interface based frequency synchronization needs also to be considered. Generally, the radio interface based frequency synchronization is more sensitive to the channel condition of the received network listening RS at the target cell than the radio interface based time synchronization is.
-----------------------------------------------------------Sections omitted----------------------------------------------------------------
7.3.1.9 Standards impacts 

To support network listening in small cell scenarios, the potential standards impacts include

· The indication of the synchronization stratum level
· The maximum supported hop number

· Improvement on the achievable synchronization accuracy by improving the channel condition of received network listening RS at the target cells 

· Mechanisms to reduce the resource overhead for network listening 

· Applicability/compatibility of synchronization approaches with other ongoing studies
· Mechanisms to facilitate inter-operator synchronization
7.3.1.10 Performance evaluation 

Evaluations were carried out to investigate the achievable accuracy by network listening, mainly based on the existing signals and designs. The evaluation assumptions are shown in Annex A.4.3.

The link level evaluation results for each hop are summarized in Table 7.3-1 and Table 7.3-2. The system level evaluation results are summarized in Table 7.3-3 and Table 7.3-4.

Table 7.3-1 Link level simulation results on time synchronization performance for each hop
	Source
	Time synchronization error range in which

about 90% falls into (μs) depending on the SINR
	Note

	
	-20dB
	-15dB
	-10dB
	-5dB
	0dB
	

	1
	Much larger than [-3~3]
	Much larger than [-3~3]
	[-0.2, 0.2]
	No larger than [-0.2, 0.2]
	No larger than [-0.2, 0.2]
	The frequency synchronization error is assumed to be +0.1ppm 

	2
	
	
	 [-0.07, +0.07]
	
	
	The frequency synchronization error is assumed to be +0.1ppm

	3
	
	
	10
	4.5
	2
	The frequency synchronization error is assumed to be +/-0.1ppm

	4
	[-3, 3]
	[-1.5, 1.5]
	[-0.6, 0.6]
	
	
	The frequency synchronization error is assumed to be +0.1ppm

	5
	
	
	[-0,065, 0.065]
	
	
	The frequency synchronization error is assumed to be +0.1ppm

	6
	Much larger than [-3~3]
	Much larger than [-3~3]
	No larger than 

[ - 0.7, 0.7]
	No larger than

[-0.2, 0.2]
	No larger than

[-0.1,0.1]
	The frequency synchronization error is assumed to be +0.1ppm

	7
	Larger than [-3, 3]
	Slightly larger than [-3, 3]
	[-0.8, 0.8]
	~ [-0.2, 0.2]
	
	The frequency synchronization error is assumed to be +0.1ppm

	8
	
	
	Larger than [-0.45,0.45]
	No larger than[-0.3,0.3]
	[-0.15,0.15]
	The frequency synchronization error is assumed to be +0.1ppm


Table 7.3-2 Link level simulation results on frequency synchronization performance for each hop 
	Source
	Frequency synchronization error range in which

about 90% falls into (Hz) depending on the SINR

	
	-20dB
	-15dB
	-10dB
	-5dB
	0dB

	1
	
	
	[-150, 150]
	[-60, 60]
	

	5
	
	
	[-100, 100]
	
	

	7
	Slightly larger than [-400 400]
	~ [-325, 325]
	~[-150, 150]
	~ [-50, 50]
	

	8
	
	
	Larger than [-450,450]
	No larger than[-300,300]
	[-150,150]


Table 7.3-3 System level simulation results when case 1 for source cell selection is assumed

	Source
	Threshold SINR (dB)
	The portion of small cells that cannot choose the source cell with the  received SINR better than  the threshold
	The portion of small cells that are out of sync 
	Hop number
	Definition of timing error
	Note

	1
	-13
	Almost 0%
	Almost 0%
	4
	The portion of small cells that cannot choose the source cell with the  received SINR better than  the threshold
	Frequency synchronization is not modeled by network listening. 

	
	-10
	20%
	20%
	2
	The portion of small cells that cannot choose the source cell with the  received SINR better than  the threshold
	

	
	-6
	14%
	14%
	4
	The portion of small cells that cannot choose the source cell with the  received SINR better than  the threshold
	

	2
	-12
	4.6%
	4.6%
	6
	The portion of small cells that cannot choose the source cell with the  received SINR better than  the threshold
	Frequency synchronization is not modeled by network listening.

	4
	-15
	0%
	0%
	2
	The portion of small cells that cannot choose the source cell with the  received SINR better than  the threshold
	Coordinated muting is applied. Frequency synchronization is not modled by network listening.

	5
	-10
	0%
	0%
	4
	The portion of small cells that cannot choose the source cell with the  received SINR better than  the threshold
	2 small cells per cluster are selected to synchronize to GPS or Macro layer. Accumulative estimation error is not considered. Dual-strip model is used.

	6
	-5
	29.23%
	29.23%
	6
	The portion of small cells that cannot choose the source cell with the  received SINR better than  the threshold
	Frequency synchronization is not modeled by network listening.

	7
	-13
	12% (CRS)

5% (PRS)
	12% (CRS)

5% (PRS)
	6
	The portion of small cells that cannot choose the source cell with the  received SINR better than  the threshold
	Frequency synchronization is derived from macro cell. CRS with RU 20%, PRS with RU 0%.

	
	-13
	0% 
	0%
	6
	The portion of small cells that cannot choose the source cell with the  received SINR better than  the threshold
	CRS with muting used for synchronization. Frequency synchronization is derived from macro cell.

	
	-13
	3% (CRS)

2% (PRS)
	3% (CRS)

2% (PRS)
	5
	The portion of small cells that cannot choose the source cell with the  received SINR better than  the threshold
	2 small cells per cluster have GNSS capability. CRS with RU 20%, PRS with RU 0%. Frequency synchronization is derived from macro cell. 

	8
	-8
	19.51%
	19.51%
	6
	The portion of small cells that cannot choose the source cell with the  received SINR better than  the threshold
	

	9
	-16
	1%
	39%
	4
	Max propagation delay sum = 1.67us, thus target timing error is 1.33us. No frequency error nor implementation margin is considered.
	Hop-based selection (source cell with lower hop count is selected if SNIR threshold is met) is used

	
	-8
	12%
	16%
	4
	Max propagation delay sum = 1.67us, thus target timing error is 1.33us. No frequency error nor implementation margin is considered.
	Hop-based selection (source cell with lower hop count is selected if SNIR threshold is met) is used

	
	-16
	1%
	10%
	6
	Max propagation delay sum = 1.67us, thus target timing error is 1.33us. No frequency error nor implementation margin is considered.
	Accuracy-based selection (source cell with higher synchronization accuracy is selected if SNIR threshold is met) is used. 


Table 7.3-4 System level simulation results when case 2 for source cell selection is assumed

	Source
	Threshold SINR (dB) 
	The portion of small cells that cannot choose the source cell with the  received SINR better than  the threshold
	Macro network synchronized?
	The probability of the small cell cluster using more than one Macro cell to be the source cells
	The portion of small cells that are out of sync (e.g., source cell SINR < threshold, cells sync to different macros in an unsync macro network
	Definition of timing error
	Notes: all the small cells synchronize to Macro cell layer unless described otherwise. 

	1
	-10
	Almost 0%
	No
	90%
	90%
	
	Assuming each small cell synchronizes to the macro cell with the strongest received signal

	
	-10
	20-28%
	No
	0%
	20-28%
	
	Assuming all the small cells within the same cluster synchronize to the same macro cell.

	2
	-12
	0%
	Yes
	Around 90%
	0%
	Timing estimation error of the reference signal from source macro eNB, plus the propagation delay difference between the source macro eNBs for small cells in the same cluster
	Assuming each small cell synchronizes to the macro cell with the strongest received signal

	4
	-15
	0%
	
	0%
	0%
	
	Assuming small cells within the same cluster first try to synchronize to the overlaid macro cell, and then to other small cells in the same cluster if direct synchorination to the macro cell is not obtained.

	5
	-10
	0%
	Yes
	0%
	0%
	
	The geographical area of one out of 21 macro cells is deployed with small cells. Dual strip model is used.

	7
	-5 dB
	0% (PSS/SSS)
	Yes
	High
	0%
	
	Assuming each small cell synchronizes to the macro cell with the strongest received signal (PSS/SSS)

	
	2.5 dB 
	0% (CRS)
	Yes
	High
	0%
	
	Assuming each small cell synchronizes to the macro cell with the strongest received signal (CRS with a macro RU of 50%)

	
	4 dB
	0% (PRS)
	Yes
	High
	0%
	
	Assuming each small cell synchronizes to the macro cell with the strongest received signal (PRS with a macro RU of 50%)

	
	-6 dB
	0% (PSS/SSS)
	No
	High
	0%
	
	Assuming each small cell synchronizes to the macro cell with the strongest received signal (PSS/SSS). Macro-cell specific offsets used.

	
	-6 dB 
	0% (CRS)
	No
	High
	0%
	
	Assuming each small cell synchronizes to the macro cell with the strongest received signal (CRS with a macro RU of 50%). Macro-cell specific offsets used.

	
	-6 dB
	0% (PRS)
	No
	High
	0%
	
	Assuming each small cell synchronizes to the macro cell with the strongest received signal (PRS with a macro RU of 50%). Macro-cell specific offsets used.


The following are observed based on the evaluation results performed with the agreed evaluation assumptions
· By link-level evaluations, for each hop, most companies assumed 1 msec measurement interval with the period of 10 sec inter-measurement period unless described otherwise,

· For the time synchronization performance with no propagation delay, and no implementation margin

· About 90% time sync. error falls into [-1~-0.1 s, +0.1~1 s] when SINR is about -10 dB

·   For the frequency synchronization performance with no frequency error assumed at the reference source

· About 90% freq. sync. error falls into [-150 Hz ~ -100 Hz, + 100Hz ~ 150 Hz] when SINR is -10 dB
· When case 1 for source cell selection is assumed

·   4 – 6 hops are observed; frequency synchonization accuracy and/or time synchronization accuracy may not be assured for all the small cells

· This observation does not assume muting and CRS IC

· Note that the achievable accuracy may depend on the definition of synchronization error and source cell selection mechanisms. The result from a source shows that by adapting cell selection mechanism, the percentage of out-of-synchronized small cells decreased from 39% to 10%. 
· The results from 2 sources show that , if errors due to propagation delay and implementation margin can be assumed as zero, time synchronization accuracy can be achieved for all small cells when coordinated muting is assumed 

· When case 2 for source cell selection is assumed, assuming each small cell listens to macro cell with the strongest received signal

· Almost all the small cells are at an SINR higher than -5 dB

·   A substantial number of small cell clusters listen to more than one macro cells

· Time synchronization of small cells is not assured when macro cell layer is not synchronized

· Time synchronization of small cells can be assured when macro cell layer is synchronized 
·   The result from a source shows that if small cells of a cluster listen to the macro cell overlaid with the cluster, or listen to the small cells of the same cluster, time synchronization accuracy can be achieved for all the small cells
· Note that if we assume longer measurement interval and shorter inter-measurement period, synchronization performance might be improved.
· Note that if errors due to propagation delay, implementation margin and realistic frequency error at the original reference source are considered, the percentage of out-of-synchronized small cells can be higher than the observed. 
In addition, it is observed that 
· Radio-interface based synchronization (network listening) is feasible based on the existing signals for the scenarios defined in the simulation assumptions according to the evaluation results. 
· Signalling enhancement may be considered for some scenarios

·   Muting and CRS IC can be considered for some scenarios
· Solutions based on existing signals from only macro cells to ensure time synchronization when macro cell is not synchronized have been proposed

A.4
Evaluation assumptions for efficient operation

-----------------------------------------------------------Sections omitted----------------------------------------------------------------

A.4.3
Evaluation assumptions for radio-interface based synchronization

	Link level simulation assumptions on RIBS

	Channel bandwidth 
	Baseline: 10 MHz 

	Carrier frequency 
	Macro cell as source cell: 2 GHz 

Small cell as source cell: 3.5GHz 

	Channel profile 
	EPA with low mobility, e.g. 0.01km/h 

	Total number of subframes measured 
	One subframe within one measurement interval, more subframes are not precluded. 

The baseline for measurement interval is 10s. Other values are not precluded. 

	Time drift 
	Frequency synchronization error multiplied by the measurement interval. 

Baseline: The frequency synchronization error is assumed to be +0.1ppm.

Optional: The frequency synchronization error is the estimated error if frequency synchronization is obtained via air interface. 

	Network listening RS design 
	Baseline: CRS for synchronization maintenance. Other types of reference signal are not precluded. 

Number of antenna ports for CRS: 2 

	Performance metrics 
	Time synchronization error for single hop under different SINR; 

Frequency synchronization error for single hop under different SINR for the case that frequency synchronization is obtained via air interface. 


	System level simulation assumptions on RIBS

	Scenario 
	Scenario #2b (dense) with 2 floors 

	Channel model between Macro cell and small cell 
	Refer to channel model between Macro cell and indoor UEs; 

Some modification is needed on the receiver side, i.e, 

‘antenna height’: replace 1.5m with 6m; 

 ‘antenna gain + connector loss’: replace 0dBi with 5dBi

‘Noise Figure’: replace 9dB with 7dB 

	Channel model between small cell and small cell 
	Refer to channel model between small cell and indoor UEs; 

Some modification is needed on the receiver side, i.e, 

‘antenna height’: replace 1.5m with 6m; 

 ‘antenna gain + connector loss’: replace 0dBi with 5dBi

‘Noise Figure’: replace 9dB with 7dB 

	Source cell selection 


	Each small cell selects a cell with acceptable received signal quality and small synchronization stratum as its source cell; 

Case 1: Only one small cell within each cluster directly acquires the reference timing from Macro layer or GPS. This small cell can be the one which has the maximum received power of macro cells, or can be randomly selected. 

Case 2: No limitation of the number of small cells to directly acquire the reference timing from Macro cell layer or GPS. 

	Performance metrics 
	SINR distribution; 

Synchronization stratum distribution and Maximum hop number;

The probability of the small cell cluster using more than one Macro cell to be the source cells when Case 2 of source cell selection is used. 


