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1. Introduction

The basic concept of combined cell was introduced in RAN1#70bis. In combined cell deployment, all nodes in a sector share the same cell ID. No handover is required when the UE moves between the Node Bs within the same sector. Three modes in combined cell were proposed in [1]. In this contribution, we evaluate the two basic modes, the single frequency network (SFN) mode, and the spatial reuse mode. From the analysis in this paper, we can see that there are some challenges for these modes. Some link level simulation results are provided.
2. Discussion

When there are multiple LPNs deployed within a Macro sector, some issues occur for the co-channel scenario [1], especially the increased opportunity of handover. In order to avoid frequent handovers and reduce the possibility of call drops, combined cell (or shared cell) is introduced. The deployment of combined cells has the following features:

1. All LPNs within the Macro sector coverage shares the same primary scrambling codes (PSC) with that Macro.

2. All LPNs and the Macro within the Macro sector coverage are tightly coupled by high speed data link and a central unit in the combined cell.
Based on these common features, 2 additional modes can be supported by the combined cell: The SFN mode and the spatial reuse mode. Further analysis will be provided in the following sections.
2.1 SFN mode

SFN mode is illustrated in Figure 1, where all nodes within the Macro sector transmit the same pilot, control channels and data using same PSC. All the transmitted signals can be combined at the UE and the SNR of the received signal can be improved.
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Figure 1. SFN mode
SFN mode cannot provide system capacity gain because the channelization codes are shared among all cells. However, SFN mode can provide SNR gain for the UE receiving data. The success of SFN mode depends on the synchronization between the nodes transmitting the same data. If the signal from different nodes arrives at the UE with a large time difference, then it is possible that the signal falls out of the UE search window. As the nodes are connected with high speed data link, the synchronization at the network side would be feasible. Uncertainty in synchronization lies in the propagation delay between nodes. Link level simulations will be provided to show the impact of the propagation delay.
If a LPN is far from the UE, the SNR contribution from that LPN would be small. The LPN could stop transmitting data to that UE to save transmit power. In this way SFN mode can be performed among a subset of the LPNs. However, the network needs to have the transmission node selection capability, knowing each node downlink signal quality to the UE. Each node might estimate its downlink signal quality at the UE via UE uplink signal quality received at that node. However, as the downlink frequency and the uplink frequency are different, their signal qualities may be very different. How to determine the subset of nodes to transmit data would be an issue. 
2.2 Spatial reuse mode

As illustrated in Figure 2, the channelization code configuration in spatial reuse mode is different. Same PSC is used for each node. However each node can provide individual pilot, control channel and data to individual UE to increase the capacity. As analyzed in [2], individual pilot channel and control channel need to be transmitted at each node in order to support the data demodulation. Otherwise, the channel estimation would be mismatched to the channel experienced by the data. P-CPICH and common channels, however, need to be transmitted in SFN mode to support coverage and legacy UEs.
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Figure 2. Spatial reuse mode
In [2], 2 additional features are proposed to enable the spatial reuse mode:

1. Additional D-CPICH to be transmitted along with data. D-CPICH is at high transmit power and is only transmitted when data is scheduled. It can be used to assist the channel estimation for data demodulation.

2. Additional probing pilot to enable the node selection function. This probing pilot is transmitted per 200~500 TTI and has two functions. One is to let the network to know which node is closer to the UE. The other is to let the network adjust the CQI estimation.

The performance of spatial reuse mode would be limited by the following issues:

1. Channel estimation for CQI estimation. As P-CPICH is transmitted from all nodes, and the CQI estimation reflects the combined channel quality from all nodes. This CQI can only be used for the data transmitted from all nodes, but not for the data transmitted from only 1 node. Additional pilot is required to support the CQI estimation for the data transmitted from 1 node. Probing pilot could be the one to provide this function. It can be either transmitted at a very low power, or of low duty cycle, e.g., once per every 200~500 TTI. However, the CQI estimation quality via the probing pilot needs to be evaluated. New UE is required to support the CQI estimation via the probing pilot.
2. Interference from same channelization codes. It may bring severe negative impact on link throughput. When the interference shares the same PSC and the channelization codes as the desired signal, de-spreading would not only give spreading gain for the desired signal, but also for the interfering signal. As a result, much stronger interference could be observed for the combined cell when compared with co-channel deployment. Link level simulations will be provided to show this difference in interference environment.

3. Overhead channel power consumption. In order to make the spatial reuse mode work, additional pilot channels and control channels are required. The power available for the data channels is limited.
3. Link level simulations
3.1 SFN mode
One drawback with SFN mode is the increased delay spread due to propagation delay between two nodes. In this simulation, we will evaluate the impact of increased delay spread due to the propagation delay between two nodes. We assume there are 2 nodes transmitting the same data to a UE. The transmit power of 2 nodes are the same, the path loss of the 2 channels are the same, and the fading of 2 channels are independent PA3. Geometry is defined as the total power of the 2 nodes over the white noise. No other interference is assumed. Channel estimation is realistic. Other simulation assumptions are in Table 1.
Table 1 Link level simulation assumptions

	Parameter
	Value

	P-CPICH_Ec/Ior
	-10dB

	Spreading factor for

HS-PDSCH
	16

	Modulation
	QPSK, 16QAM, 64QAM

	TBS
	Variable

	Number of Transport Blocks
	1

	HSDPA Scheduling Algorithm
	CQI based

	Geometry
	[0 5 10 15 20 ]dB

	CQI Feedback Cycle
	1 TTI

	CQI feedback error
	0 %

	HS-DPCCH ACK/NACK feedback error
	0 %

	Maximum number of HS-DSCH codes
	15

	Number of HARQ Processes
	6

	Maximum Number of H-ARQ Transmissions
	1

	Residual BLER
	10% after 1 transmission

	Propagation Channel Type
	PA3

	Channel Estimation
	Realistic

	Noise Estimation
	Realistic

	UE Receiver Type
	Type 3


We have tried different delays and the throughput results are shown in Figure 3. Table 2 shows the relative performance loss compared with no delay. It can be seen that throughput loss is increased at higher geometry, even with only 1-chip delay, corresponding to about 260ns difference in time and 78m difference in propagation distance. As a result, SFN is sensitive to the propagation delay for the UE in the high geometry region. This will bring negative impact to the SFN system performance in [2].
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Figure 3. UE throughputs in SFN under different propagation delay between the nodes
Table 2. Relative performance loss in %

	Ior/Ioc
	Relative performance loss in %

	
	delay = 1 chip
	delay = 2 chips

	0
	-1.0033 
	-2.3411 

	5
	-2.5950 
	-4.0931 

	10
	-4.0377 
	-5.7783 

	15
	-9.5769 
	-11.9048 

	20
	-16.1375 
	-19.5312 


Observation 1: SFN is sensitive to the propagation delay for the UE in the high geometry region.
3.2 Spatial reuse mode
In this section, we compare the impact of the interference caused by same PSC, which is the case in the spatial reuse mode, and difference PSC, which is the case in co-channel scenario. In both cases, there are 2 nodes transmitting data. One is the serving node and the other is the interfering node.
For the spatial reuse mode, data consumes 80% of the total transmit power in each node. 2 nodes use different channelization codes for the pilots. 10% power is allocated for the demodulation pilot at each node and the pilot is always transmitted for CQI estimation. It should be noted that in practice, power will be allocated for P-CPICH and probing pilot, and they will be used for CQI estimation. The actual power allocated for data is less than 80%. CQI estimation quality would also be degraded. The sum of interference from other cells and thermal noise are modelled as white noise N0. No propagation delay is assumed. Other simulation assumptions are the same in Table 1.

For the co-channel scenario, the only difference from spatial reuse mode is that the PSC in interfering node is different from the serving node. All other assumptions are the same.

In the simulation, N0 is considered as neglectable. Signal power is always 0 dB. Interference power is from -20 dB to 0 dB. Figure 4 shows the simulation results. It can be seen that when the interference strength is strong, the performance loss of spatial reuse mode compared with co-channel is significant. If signal power and interference power are the same, over 50% performance loss can be observed. If interference power is only -15 dB, about 10% performance loss can still be observed. The interfering node cannot use the same channelization codes as the serving node, especially when the interfering node’s power is not smaller than the serving node’s power.
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Figure 4. UE throughputs when the interfering channelization codes are the same. Signal power is fixed at 0 dB.
Observation 2: Interference from the same channelization codes in spatial reuse mode may have significant performance loss to the UE compared to the co-channel scenario.
4. Conclusions
This paper has discussed the potential issues in both SFN mode and spatial reuse mode. From the analysis, we can see the potential issues in SFN mode are:

1. Synchronization

2. Node selection function

Potential issues in spatial reuse mode are:

1. CQI estimation

2. Code reuse

3. Overhead power consumption

From the simulation results, we have the following observations:

Observation 1: SFN is sensitive to the propagation delay for the UE in the high geometry region.
Observation 2: Interference from the same channelization codes in spatial reuse mode may have significant performance loss to the UE compared to the co-channel scenario.
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