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1
Introduction

This contribution is a modified version of R1-131572. It contains updated results including VA 30 channel results for combined cells in addition to PA3 and PB3. 

Heterogeneous UMTS networks were traditionally studied with the low power node (LPN) using a different Primary Scrambling Code (PSC) from the macro-cell [1], [2]. In this context, the concept of “Combined Cell” as introduced in [3], employs the same PSC for both the macro-cell and the low power node. An initial investigation is presented in [3] where it was shown that combined cells can offer lower interference (and equivalently, higher performance) when the signals from multiple nodes are aligned in time. 
In this contribution, we perform an initial link evaluation of the two combined cell concepts - the Single Frequency Network (SFN) and the Spatial Re-use (SR) modes [3]. Including systems evaluated for comparison, the list becomes:

·  Single-Frequency Network (SFN)
·  Spatial Reuse (SR)

·  Co-channel HetNet (uses different PSC for each node) 

·  Macro-only Network
2
System Modelling 
The modelling in the link simulator for all the systems evaluated in this document is described below. 
Fig. 1 illustrates the modelling for the Single-Frequency Network concept as proposed in [2], [3]. In this system, the low power node transmits the exact same signal as the macro. The signals from macro and low power node experience independent fading channels. We model a time-offset that corresponds to the delay in free space propagation between the low power node’s signal and the macro with respect to the relative distance to the UE. UE reports the CQI information to the Macro. Note that the low power node has no scheduling capabilities. 
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Figure 1: Single frequency network modelling
Fig. 2 illustrates the SR concept again as given in [2], [3]. In this system, users can be assigned to either the macro or the low power node. While the macro and low power node use the same P-CPICH and PSC, they transmit a D-PICH (dedicated pilot channel) for data demodulation. These dedicated channels are chosen to be orthogonal codes with spreading factor 256. As an arbitrary choice, codes 4 and 5 with SF=256 are chosen for D-PICH for the macro and low power node respectively. Again, we model a time-offset for the low power node’s signal relative to the macro. In the example of Fig. 2, User 1 is in a data connection with Cell 1 and User 2 is in a data connection with Cell 2. 

At the user, channel estimation and equalization are performed using D-PICH. After equalization, users calculate the CQI based on P-CPICH SNR and report back to the respective serving cells. Note that the P-CPICH SNR calculated by each user has a contribution from both cells owing to same P-CPICH and PSC for both cells. The serving cell applies the following adjustment for CQI: 
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 denote the transmit P-CPICH powers of the cell 1 (=serving) and cell 2(=interfering). The terms 
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denote the path losses (power attenuation) experienced by the signals from Cell 1 and Cell 2 at the UE. Note that 
[image: image8.wmf]1

P

,
[image: image9.wmf]2

P

 can be assumed to the transmit Ior if the Ec/Ior for P-CPICH channel is set to be same for both the nodes. In this document, we assume perfect knowledge of 
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 at the serving cell. In practice, this could be attained (with an estimation error) using periodic probing pilots (which also serve a role in cell association) [3]. 
Note that the effectiveness of probing pilots for cell association and CQI correction calculation needs to be well understood. Particularly for cell association, the accuracy would be dependent on the measurement interval, the filtering length, and Ec/Ior for probing pilots. There would be corresponding cell association delay and additional overhead power for probing pilot transmission to be studied. For this document, we assume perfect information at the node B and the user for cell association and CQI adjustment. Therefore, the results in this contribution can be considered as an upper bound that the SR can achieve for given scenarios.
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Figure 2: Spatial re-use modelling
Fig. 3 presents the co-channel heterogeneous network model consisting of a macro and a LPN cell using different PSCs. In the example shown, User 1 is associated with the macro while User 2 is associated with the LPN. We model a time-offset for the low power node’s signal relative to the macro as for the SR mode. Compared to the SR mode, D-PICH channel is not needed and that power could be used for HS-data channels. Also, there is no need for a CQI adjustment as in SR mode because the CQI is estimated for its own serving cell. 
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Figure 3: Co-channel HetNet modelling
3
User Placement 
While co-channel HetNets have been shown to offer significant gains over macro-only networks, the exact value of gains depend significantly on the user placement relative to the macro and low power cells. For example, two users placed close to the macro-cell and the low-power node respectively can observe high individual throughputs (and thus, sum throughputs). On the other hand, when the same two users are placed at the cell-boundary between macro-cell and low power nodes, it might be optimal at times to allocate both users to the macro to limit the additional interference. In this document, we evaluate over multiple locations to get an insight into the performance of each scheme. 
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Figure 4: User placement configurations in consideration
In Fig. 4, the macro is placed at the center of the hexagon and the LPN is placed on the line joining the macro to a hexagon’s corner. We consider 8 user locations indexed from 1-8 in Fig. 4. Locations 1-4 are close to the LPN while locations 5-8 are distributed in the hexagon’s sector. We drop two users in this network and associate the users to the macro/LPNs. We do not deal with any optimal cell-association strategies and simply consider all associations and prune out the impossible ones (based on a Cell-Individual Offset of 6 dB).

For the link simulations, we require the level of signals received at each user location from the macro, the LPN and the surrounding macro-cells. For this purpose, we use a 57-cell network simulator to calculate the received Ior (macro), Ior (LPN) and the Ioc values (includes contribution from other macro-cells with 20% loading). In this network simulator, we assume a 30 dBm transmit power for the LPN-cell and use 3GPP path loss models. We define geometry (macro/LPN) as the ratio of the Ior(macro/LPN) to the Ioc, where Ioc does not include the contribution for the other cell (LPN/macro).This quantity is tabulated in Table 1. Different path-delays between the macro and LPN results in an offset of the LPN-signal relative to the macro-signal at the user. Assuming the speed of light c, this offset 
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 denote the distances to the LPN and the macro-cell from the user. The offsets are tabulated in Table 1 both in nano-seconds and UMTS chips (260ns/chip).
Table 1: User geometries and propagation offsets for different placements; co-ordinates are given with reference to macro (as origin), LPN at (72 m,-125 m).
	Location 
Index
	Co-ordinates

(x,y) in meters
	Ior(macro)/Ioc 

(in dB)
	Ior(LPN)/Ioc

(in dB)
	LPN propagation offset relative to Macro (in ns)
	LPN propagation offset relative to Macro (in UMTS chips)

	L1
	(57,-99)
	19
	5
	281
	1.1

	L2
	(62,-107)
	18
	12
	343
	1.3

	L3
	(65,-112)
	17
	17
	381
	1.5

	L4
	(67,-116)
	17
	24
	412
	1.6

	L5
	(0,-83)
	24
	-13
	0
	0

	L6
	(0,-167)
	15
	-10
	278
	1.1

	L7
	(-72,-125)
	16
	-19
	0
	0

	L8
	(-144,-250)
	4
	-28
	129
	0.5


4
Link Simulation Parameters

Table 2: User geometries and propagation offsets for different placements
	Parameter
	Value
	Comments

	Macro-cell/LPN common parameters

	Transmit antennas
	1
	

	P-CPICH Ec/Ior
	-10 dB
	

	D-PICH Ec/Ior 
	-13 dB
	SR mode only; Need for channel estimation and data demodulation

	P-CCPCH Ec/Ior
	-12 dB
	

	SCH Ec/Ior
	-12 dB
	

	PICH Ec/Ior
	-15 dB
	

	HS-SCCH Ec/Ior
	-12 dB


	We use genie based HS-PDSCH decoding in the simulator and not rely on HS-SCCH decoding

	HS-PDSCH Ec/Ior
	-1.6 dB (SR)

-1.3 dB (all other modes)
	All of the remaining power

	Macro-cell  

	PSC
	84
	

	D-PICH spreading code index
	4
	Spreading factor = 256, SR mode only

	Low power Node

	PSC
	84 (combined cell)

94 (HetNet mode)
	

	D-PICH spreading code index
	5
	Spreading factor = 256, SR mode only

	User

	Receiver Type
	Type 3i
	LMMSE equalizer 

	Channel Estimation
	Based on D-PICH (SR)

Based on P-CPICH
	

	Receive Antennas
	2
	Fading Correlation = 0

	Outer loop
	Enabled
	With 10% target BLER

	CQI feedback delay
	8 ms
	

	CQI calculation
	Based on P-CPICH SNR
	Post equalizer

	CQI adjustment (SR only)
	As specified in Section 2
	

	CQI feedback error
	0 %
	

	HS-PDSCH scheduling
	Variable Reference Channel based on CQI feedback
	

	Channel

	Channel Type
	PA3, PB3, VA30 
	


5
HSDPA Throughput Results
We give HS throughput results for all the four scenarios when the user placement is chosen from one of the 8 locations given in Table 1. We simulate only one user for the macro-only and SFN modes and obtain the two-user throughput using an equally fair allocation of resources (in time) among the two users.

For the settings in SR mode and co-channel HetNet mode, we actually simulate two users in the network. The first user is always allocated to the macro-cell and the second user is allocated to the low-power node. Note that there might be settings when this choice is not optimal and causes a lower sum throughput for the co-channel HetNet/SR modes compared to the macro-only network. This is a well-known phenomenon in heterogeneous networks and in those cases macro-cell might serve both users. This document does not deal with these settings and we focus on locations where SR and/or co-channel HetNet modes have a positive gain over macro-only throughput. 

5.1 SFN versus Macro-only

In Table 2, we present our comparison between the SFN and macro-only networks. 

First, we assume an idealistic scenario where we do not model the propagation offset (K) between the macro and low power node’s signals at the UE, that is K=0. Across user placements in PA3 channel, SFN gain fluctuates with a maximum of 30% gain over macro-only network at user location L4 for the PA3 channel. In this location, the LPN offers a strong diversity path for the user. 
One more aspect we investigated in this document is the role of propagation offsets. In table 2, we also evaluate the SFN and macro-only networks using the exact free-space propagation offset of LPN w.r.t macro-cell (refer to table 1) at each user location. Now the SFN gain over the macro-only network is only 5% at the same location L4 for the PA3 channel. 
Compared to the no offset setting, we observe significant decrease in throughputs for the locations L3 and L4: we attribute this loss to the noise enhancement of the equalizer due to more multi-paths. Note that at these locations, the macro signal and the LPN-signal are at comparable levels, but are delayed by approximately 1.5 chips. 

While trends remained similar for the PB3 and VA30 channels, we observe that the sensitivity of SFN to propagation offsets is less pronounced for PB3 channel and even less for the VA30 channel. For example SFN could offer up to 12% gain over macro-only network at location L4 in the VA30 channel. 
5.2 SR versus co-channel HetNet
In Table 3, we present our comparison between the SR and macro-only networks. 

Coming to the SR setting, we observe that gains are obtained compared to the macro-only network with a gain ranging between -4% and 59% across the user locations considered for the PA3 channel. The highest gain was observed when Users 1 and 2 are placed at locations L5 and L4 and associated to macro and low power node respectively. Again, intuition says that these points are best to observe a high dual-cell gain owing to low interference from the other cell and a high geometry from the source cell. 

However, it is interesting to note that the co-channel HetNet achieves higher gains than the SR network for all the settings considered in Table 3. For the (L5, L4) choice of user placement in a PA3 channel when the maximum SR gain is observed, we observe 76% gain using co-channel HetNet compared to the macro-only case. Two aspects need to be mentioned in this regard: 

·   First, the signals from the macro and low power node pass through independent fading channels and hence the CPICH combining may not be happening as expected. Note that the equalizer at the receiver is based on the channel estimate from D-PICH; so, in this sense the receiver is agnostic of the other fading channel. A fix would be to implement a separate equalizer that is optimized for CPICH combining while the data is equalized using an equalizer based on D-PICH channel estimates. This adds additional complexity to the receiver and may not be practical.

·   Second, the code-allocation for the HS codes is done independently for the macro and low power nodes. This could cause code-collisions in certain settings. One approach could be to use exclusive sets of codes for the two cells. That will however cause reduction in throughput by limiting the number of codes available and may not be always optimal. This could be an area for further optimization, where the central entity can dynamically allocate codes to macro and low-power nodes based on UE distribution in the network. 
In overall, we observe 10-20% gains when using the co-channel HetNet compared to the SR mode over most of the locations considered in Table 3. Trends remained similar in different fading channels PA3, PB3 and VA30. It should be noted that the SR performance in this contribution assumes perfect information at the node B and the user for cell association and CQI adjustment. In practice, the gains offered by SR can be even lower.
Table 2: HSDPA throughput comparison between Macro-Only and Single Frequency Network (SFN) modes of operation. The locations with high SFN gain over Macro-only are highlighted. 

	
	Macro-Only

Mbps
	w/o prop. offsets (K=0)
	w/ prop. offsets

	Channel
	User location
	
	SFN

Mbps (% gain)
	SFN

Mbps (% gain)

	PA3
	L1
	15.15
	15.16(0)
	14.82(-2)

	
	L2
	14.46
	15.03(4)
	13.51(-7)

	
	L3
	13.73
	15.73(15)
	13.13(-4)

	
	L4
	13.73
	17.84(30)
	14.43(5)

	
	L5
	17.56
	17.52(0)
	17.52(0)

	
	L6
	12.10
	12.15(0)
	12.13(0)

	
	L7
	12.98
	12.90(-1)
	12.90(-1)

	
	L8
	4.62
	4.55(-2)
	4.55(-2)

	PB3


	L1
	10.77
	10.94(2)
	10.93(1)

	
	L2
	10.58
	10.85(3)
	10.57(0)

	
	L3
	10.21
	11.10(9)
	10.52(3)

	
	L4
	10.28
	11.79(15)
	11.19(9)

	
	L5
	11.65
	11.74(1)
	11.74(1)

	
	L6
	9.65
	9.68(0)
	9.68(0)

	
	L7
	10.00
	10.05(1)
	10.05(1)

	
	L8
	4.04
	4.11(2)
	4.11(2)

	VA30


	L1
	8.90
	9.01(1)
	8.96(1)

	
	L2
	8.68
	8.94(3)
	8.75(1)

	
	L3
	8.41
	9.10(8)
	8.89(6)

	
	L4
	8.42
	9.65(15)
	9.40(12)

	
	L5
	9.62
	9.67(1)
	9.64(0)

	
	L6
	7.79
	7.83(1)
	7.87(1)

	
	L7
	8.12
	8.16(0)
	8.16(0)

	
	L8
	3.00
	3.04(1)
	3.04(1)


Table 3: HSDPA throughput comparison between SR and co-channel HetNet modes of operation (the exact values for propagation offsets are considered). The locations with high SR/co-channel HetNet gain over Macro-only are highlighted. Cell association: User 1 assigned to macro and User 2 assigned to LPN.

	Channel
	User locations

(User1, User2)
	Macro-Only

Mbps
	SR
Mbps (% gain)
	HetNet

Mbps (% gain)

	     PA3
	(L1,L3)
	14.44
	18.29(27)
	18.91(31)

	
	(L1,L4)
	14.44
	20.21(40)
	22.00(52)

	
	(L2,L4)
	14.09
	17.62(25)
	18.89(34)

	
	(L5,L1)
	16.35
	15.62(-4)
	19.15(17)

	
	(L5,L2)
	16.01
	19.11(19)
	21.96(37)

	
	(L5,L3)
	15.64
	21.99(41)
	24.81(59)

	
	(L5,L4)
	15.64
	24.80(59)
	27.59(76)

	
	(L6,L2)
	13.63
	14.64(7)
	16.70(23)

	
	(L6,L3)
	13.26
	17.84(35)
	18.95(43)

	
	(L6,L4)
	13.26
	19.96(51)
	22.09(67)

	
	(L7,L1)
	14.06
	11.99(-15)
	14.57(4)

	
	(L7,L2)
	13.72
	15.84(15)
	17.69(29)

	
	(L7,L3)
	13.35
	19.15(43)
	19.93(49)

	
	(L7,L4)
	13.35
	21.00(57)
	23.08(73)

	     PB3
	(L1,L3)
	10.49
	13.21(26)
	14.58(39)

	
	(L1,L4)
	10.53
	15.37(46)
	16.87(60)

	
	(L2,L4)
	10.43
	13.31(28)
	14.63(40)

	
	(L5,L1)
	11.21
	10.50(-6)
	12.90(15)

	
	(L5,L2)
	11.12
	12.60(13)
	15.16(36)

	
	(L5,L3)
	10.93
	15.30(40)
	16.96(55)

	
	(L5,L4)
	10.97
	17.40(59)
	19.31(76)

	
	(L6,L2)
	10.12
	10.88(8)
	12.92(28)

	
	(L6,L3)
	9.93
	13.61(37)
	      14.74(48)

	
	(L6,L4)
	9.97
	15.67(57)
	17.24(73)

	
	(L7,L1)
	10.38
	9.28(-11)
	11.09(7)

	
	(L7,L2)
	10.29
	11.40(11)
	13.44(31)

	
	(L7,L3)
	10.10
	14.05(39)
	15.27(51)

	
	(L7,L4)
	10.14
	15.95(57)
	17.61(74)

	VA30
	(L1,L3)
	8.66
	9.82(13)
	11.19(29)

	
	(L1,L4)
	8.66
	11.86(37)
	13.39(55)

	
	(L2,L4)
	8.55
	9.79(15)
	11.13(30)

	
	(L5,L1)
	9.26
	8.71(-6)
	10.14(10)

	
	(L5,L2)
	9.15
	9.96(9)
	11.63(27)

	
	(L5,L3)
	9.02
	11.76(30)
	13.43(49)

	
	(L5,L4)
	9.02
	13.79(53)
	15.53(72)

	
	(L6,L2)
	8.24
	8.33(1)
	9.66(17)

	
	(L6,L3)
	8.10
	10.07(24)
	11.52(42)

	
	(L6,L4)
	8.10
	12.16(50)
	13.71(69)

	
	(L7,L1)
	8.51
	7.49(-12)
	8.66(2)

	
	(L7,L2)
	8.40
	8.73(4)
	10.17(21)

	
	(L7,L3)
	8.27
	10.53(27)
	11.96(45)

	
	(L7,L4)
	8.27
	12.57(52)
	14.11(71)


6
Conclusions

The document presents a preliminary investigation into the combined cell concepts proposed – SFN and SR. The HSDPA throughputs suggest that the SFN is sensitive to the propagation offsets in the network and may not yield significant gains over macro-only baseline (maximum gain of 5% in PA3 and 12% in VA30 observed). On the other hand, while the SR mode yields higher gains than the macro-only network, the gains are still 10-20% smaller than the co-channel HetNet scenario over many of the locations considered, even with the assumption of perfect information at the node B and the user for cell association and CQI adjustment.
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