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1 Introduction
System simulation results following the methodology of [1] and [2] are presented. The scenario considered is co-frequency, closed access FDD and interference between the traffic channels is considered. This corresponds to scenarios 1 and 2 of [3].
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Figure 1: Interference Scenarios.
This contribution has been generated as a result of OFDMA simulation and modelling work carried out by members of the Radio and Physical Layer working group of the Femto Forum, a 3GPP Market Representation Partner.
2 Simulation Assumptions

The simulation parameters largely follow the assumption in [1], [2] with the following specific parameters

	Parameter
	Assumption

	Deployment
	Both suburban and urban are modelled (see Appendix)
Macro layer has 7 sites (21 sectors) with wrap-around, 500m ISD.

10% (suburban) or 0% (urban) of femto UEs are outdoors and 20% of macro UEs are outdoors.

	Number of macro UEs per sector
	10 or 20

	Exterior Wall Loss
	20dB

	Shadowing correlation (one BS to multiple UEs)
	Correlated Shadowing

	Macrocell Power uplink control
	Both baseline Fractional Power control and a Proprietary method are modelled

	Femtocell uplink power control
	Max power based on limiting noise rise to macro neighbours (a similar approach to that described in [3GPP 25.967] section 7.5.1 for WCDMA).

	Link to System Mapping
	Per sub-carrier capacity approach

	Scheduler
	Both baseline “round robin” and Proprietary Frequency Selective/Proportional Fair

	Traffic model
	Full Buffer or Bursty

In the case of bursty traffic being modelled, 70% of UEs use the bursty traffic model (see Appendix), the remaining UEs are full-buffer.

	Apartment block model
	Dual stripe, 6 floors (=240 apartments), one “dual stripe” randomly dropped per macro sector. A variable probability of having active femto in each apartment. See appendix.

	Pathloss model
	Full (rather than simplified) model


Table 1: Simulation Parameters
Results for the suburban scenario are presented for 2 cases (Baseline and Enhanced) which are defined as follows:

	Case Name
	Definition

	Baseline
	· Fractional power control on macro

· Power cap on the femto UEs to protect the macro layer (similar to 3GPP 25.967 for WCDMA)

· Round Robin Scheduling

	Enhanced
	· Enhanced power control on macro (similar to 3GPP 25.967 for WCDMA)

· Power cap on the femto UEs to protect the macro layer (similar to 3GPP 25.967 for WCDMA)

· Proportional Fair Frequency Selective Scheduling


Table 2: Simulation Cases
In both the baseline and enhanced cases a power “cap” is placed on the femto UEs in order to protect the macro uplink. The power cap is calculated as a function of the smallest measured pathloss to a macro, and also as a function of a target maximum “noise rise” that the femto UE should generate at the macro. 

For the urban scenario only the Enhanced Scheduling and  Power Control approach is assumed. 

Finally note that the system simulations model interference from both the femtos to the macros and vice-versa and therefore address scenarios B.1 and D.2 simultaneously.
3 Simulation Results

3.1 Suburban Deployment Model, Fixed Power Cap, Full Buffer Traffic
The simulation results presented in this section assume full buffer traffic model, with a fixed power cap (selected to give either 0.2 or 1.8 dB noise rise at the macro eNB per femto UE), and 10 macro UEs per macrocell sector.

Simulation results for the macrocell uplink average sector throughput as a function of femto density are shown in Figure 2 below:
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Figure 2: Macrocell uplink average sector throughput

Note that the macrocell average user throughput (not shown) is 10% of the average sector throughput since there are 10 macro UEs per sector.

Simulation results for the macrocell 5 percentile uplink user throughput as a function of femto density are shown in Figure 3 below:
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Figure 3: Macrocell uplink 5 percentile user throughput
Simulation results for the macrocell interference over thermal are shown in Figure 4 below:
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Figure 4: Macrocell Interference over Thermal
Simulation results for the femtocell uplink average sector throughput as a function of femto density are shown in Figure 5 below:
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Figure 5: Femtocell uplink average sector throughput
Note that the femtocell average user throughput (not shown) is equal to average sector throughput since there is 1 femto UE per femtocell.

Simulation results for the femtocell 5 percentile uplink user throughput as a function of femtocell density are shown in Figure 6 below:
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Figure 6: Femtocell uplink 5 percentile user throughput
Simulation results for the femtocell interference over thermal are shown in Figure 7 below:
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Figure 7: Femtocell Interference over Thermal
3.1.1 Discussion

Points to note regarding these results:

· The LTE macrocell uplink performance with no femtocells present is similar to the results obtained in 3GPP during 2007.

· The LTE macrocell uplink performance with is significantly improved with the enhanced power control and scheduling algorithms compared to the baseline, however there is a small degradation to the femtos when the macro layer uses the enhanced scheme (due to a more aggressive use of uplink power in the macro layer).

· The LTE macrocell uplink performance degrades with increasing femto density, however with simple interference mitigation this can be managed such that the resulting performance loss is reasonable while at the same time the total system throughout (macro + femto) increases significantly. 

· Results are shown for two values of the target maximum “noise rise” that the femto UE should generate at the macro. It can be seen that as the density of active femtos increases, the target maximum “noise rise” should be reduced in order to maintain the macrocell performance. 
· The femtocell performance is a function of the target maximum “noise rise” at the macrocell, with best performance with higher (=more relaxed) target maximum “noise rise”.
3.2 Urban Deployment Model, Fixed Power Cap, Full Buffer Traffic
The simulation results presented in this section assume full buffer traffic model, with a fixed power cap (selected to give either 0.2 or 1.8 dB noise rise at the macro eNB per femto UE), and 10 macro UEs per macrocell sector. The enhanced scheduling and power control case is assumed.

Figure 8 below shows the average macrocell sector throughput as a function of the probability that there is an active femtocell in an apartment. Results are shown for two values of the target maximum “noise rise” that the femto UE should generate at the macro. It can be seen that as the density of active femtos increases, the target maximum “noise rise” should be reduced in order to maintain the macrocell performance.
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Figure 8: Macrocell uplink average sector throughput
Figure 9 below shows the cell edge (5 percentile) macro user throughput as a function of the probability that there is an active femtocell in an apartment. It can again be seen that as the density of active femtos increases, the target maximum “noise rise” should be reduced in order to maintain the macrocell performance.
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Figure 9: Macrocell uplink 5 percentile user throughput
Figure 10 below shows the mean Interference over Thermal (IoT) at the macrocell. It can be seen that the IoT can be controlled by adjusting the target maximum “noise rise”.
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Figure 10: Macrocell Interference over Thermal 
Figure 11 below shows the average femtocell sector throughput as a function of the probability that there is an active femtocell in an apartment. Results are shown for two values of the target maximum “noise rise” that the femto UE should generate at the macro. It can be seen that the femtocell performance is a function of the target maximum “noise rise” at the macrocell, with best performance with higher (=more relaxed) target maximum “noise rise”. There is also some evidence of interference between femtocells since the performance degrades slightly with active femtocell density.
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Figure 11: Femtocell uplink average sector throughput 
Figure 12 below shows the cell edge (5 percentile) femto user throughput as a function of the probability that there is an active femtocell in an apartment. Again it can be seen that the femtocell performance is a function of the target maximum “noise rise” at the macrocell, with best performance with higher (=more relaxed) target maximum “noise rise”. 
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Figure 12: Femtocell uplink 5 percentile user throughput 
Figure 13 shows the mean Interference over Thermal (IoT) at the femtocell.
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Figure 13: Femtocell Interference over Thermal

3.2.1 Discussion

Similar to the suburban deployment model results :

· The LTE macrocell uplink performance degrades with increasing femto density, however with simple interference mitigation this can be managed such that the resulting performance loss is reasonable while at the same time the total system throughout (macro + femto) increases significantly. 

· Results are shown for two values of the target maximum “noise rise” that the femto UE should generate at the macro. It can be seen that as the density of active femtos increases, the target maximum “noise rise” should be reduced in order to maintain the macrocell performance. 
· The femtocell performance is a function of the target maximum “noise rise” at the macrocell, with best performance with higher (=more relaxed) target maximum “noise rise”.
3.3 Urban Deployment Model, Full Buffer or Bursty Traffic, Fixed or Adaptive Power Cap
The results for suburban and urban deployment models with fixed power suggest that the required “cap” on the femto UE power should be made a function of femto density within the macro cell. This would provide adequate performance at the macrocell for higher femto densities, and improved femtocell performance at lower femtocell densities. This suggests that the femto UE power cap should be adaptive.

An adaptive approach must be robust such that an appropriate power cap is determined for different densities of femtos, different traffic models, and different deployment scenarios. In this section one such scheme is evaluated for varying femto density and for either full buffer or bursty traffic. The results are compared to a fixed power cap of either 0.2 dB (labelled “tight”) or 7 dB (labelled “loose”, and it should be noted that this is a very loose cap, for which in practice the femto UE power will likely be set considering coverage requirements of the femto alone rather than also considering interference to the macro layer). 

For these simulations there are 20 macro UEs per sector. The enhanced scheduling and power control case is assumed.

The adaptive scheme evaluated here makes use of X2 signalling from the macro. As mentioned above the power cap at the femto UE would typically be derived from an estimate of the pathloss to neighbouring macro eNBs together with a target noise rise at the macro eNB. Therefore the power cap at the femto UE is adjusted via the adaptation of the target noise rise based on X2 signalling received from the macro eNB (possibly via an X2 proxy or gateway – see below). For example, if the X2 load indication indicates “high” interference at the macro eNB, then the target noise rise is set to a smaller value than if the X2 load indication indicates “medium” or “low” interference, etc. 

The X2 signalling is assumed to be relatively “slow” i.e. no attempt is made the track varying interference due to scheduler decisions or bursty traffic on a TTI by TTI basis, rather the X2 signalling is used to indicate more of the “average” interference conditions. In the simulation results below a delay of 50ms is assumed in the X2 signalling. 

Furthermore, in order to distinguish between inter-cell interference within the macro layer and interference generated by the femtos, the macro (or an X2 proxy or gateway – see below) periodically tries signalling different X2 load indication values towards the femtos and measures the resulting impact on IoT in order to refine the load indications sent to the femtos.

Figure 14 below shows the average macrocell sector throughput as a function of the probability that there is an active femtocell in an apartment. Results are shown for two values of the target maximum “noise rise” that the femto UE should generate at the macro (“tight” and “loose”) and for the adaptive approach. It can be seen that with a low density of active femtos the adaptive approach provides protection similar to the “loose” fixed approach but as the density increases the protection approaches that of the “tight” fixed approach, and overall the macro is suitable protected for all densities. This goes for both the full buffer and the bursty traffic models.

[image: image14.emf]0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5

5000

6000

7000

8000

9000

10000

11000

12000

Macro Layer Uplink, Av. Sector Throughput

Throughput (kb/s)

Prob. active femto in apt.

 

 

full buffer loose

full buffer tight

full buffer adaptive

bursty loose

bursty tight

bursty adaptive


Figure 14: Macrocell uplink average sector throughput
Figure 15 below shows the cell edge (5 percentile) macro user throughput as a function of the probability that there is an active femtocell in an apartment. Again it can be seen that with a low density of active femtos the adaptive approach provides protection similar to the “loose” fixed approach but as the density increases the protection approaches that of the “tight” fixed approach, and overall the macro is suitable protected for all densities. This goes for both the full buffer and the bursty traffic models.
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Figure 15: Macrocell uplink 5 percentile user throughput
Figure 16 below shows the mean Interference over Thermal (IoT) at the macrocell. It can be seen that the IoT is suitably controlled by the adaptive approach.
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Figure 16: Macrocell Interference over Thermal 
Figure 17 below shows the average femtocell sector throughput as a function of the probability that there is an active femtocell in an apartment. It can be seen that with a low density of active femtos the adaptive approach provides performance more similar to the “loose” fixed approach but as the density increases the performance  approaches that of the “tight” fixed approach, and overall the throughput is optimised for all densities. This goes for both the full buffer and the bursty traffic models.
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Figure 17: Femtocell uplink average sector throughput 
Figure 18 below shows the cell edge (5 percentile) femto user throughput as a function of the probability that there is an active femtocell in an apartment. Again it can be seen that with a low density of active femtos the adaptive approach provides performance more similar to the “loose” fixed approach but as the density increases the performance approaches that of the “tight” fixed approach, and overall the throughput is optimised for all densities. This goes for both the full buffer and the bursty traffic models, but is particularly pronounced for bursty traffic on the femtos where the interference caused to macros tends to be less which the adaptive scheme can exploit.
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Figure 18: Femtocell uplink 5 percentile user throughput 
Figure 19 shows the mean Interference over Thermal (IoT) at the femtocell.
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Figure 19: Femtocell Interference over Thermal

3.3.1 Discussion
The X2 based adaptive scheme for setting the power cap of the femto UEs provides protection to the macrocell uplink in all cases while allowing the throughput, and particularly the cell edge throughput, on the femto to be improved for low densities of femtocells.  This is particularly pronounced for bursty traffic on the femtos where the interference caused to macros tends to be less which the adaptive scheme can exploit.
4 Mitigation Techniques and Recommendations
As suggested above the required “cap” on the femto UE power could be made a function of femto density within the macro cell. This could provide adequate performance at the macrocell for higher femto densities, and improved femtocell performance at lower femtocell densities. Such an adaptive approach must be robust such that an appropriate power cap is determined for different densities of femtos, different traffic models, and different deployment scenarios.

4.1 Description of Mitigation Techniques
One approach evaluated here is to set the power cap of the femto UE as a function of uplink interference being experienced at the macro eNB by making use of X2 signalling.

The power cap at the femto UE would typically be derived from an estimate of the pathloss to neighbouring macro eNBs together with a target noise rise at the macro eNB. Therefore the power cap at the femto UE is adjusted via the adaptation of the target noise rise based on X2 signalling received from the macro eNB (possibly via an X2 proxy or gateway – see below). For example, if the X2 load indication indicates “high” interference at the macro eNB, then the target noise rise is set to a smaller value than if the X2 load indication indicates “medium” or “low” interference, etc. 

The X2 signalling is assumed to be relatively “slow” i.e. no attempt is made the track varying interference due to scheduler decisions or bursty traffic on a TTI by TTI basis, rather the X2 signalling is used to indicate more of the “average” interference conditions. Furthermore, in order to distinguish between inter-cell interference within the macro layer and interference generated by the femtos, the macro (or an X2 proxy or gateway – see below) periodically tries signalling different X2 load indication values towards the femtos and measures the resulting impact on IoT in order to determine what load indications to send to the femtos.

The X2 load indications are given per resource block (RB) and therefore if the femto UE is only operating in a portion of the macro eNB bandwidth then only the X2 load indications for the corresponding RBs need to be considered.

X2 for HeNB is not part of 3GPP release 8. However it could be provided for future releases. One potential issue is that there could be a large number of femtos within the macro coverage area which could lead to complexity issues at the macro eNB if each femto had an X2 interface to the macro eNB. Two possible approaches to solving this are [R3-082442]:

· Have an X2 “concentration” function in an X2 proxy or gateway

· Only send load indications in the direction from the macro to the femtos, rather than being bidirectional.
4.2 Recommendations
Allow provision of X2 for femtocells/HeNBs to allow the protection offered to the macro UL from a femto UE to be adjusted according to the density and traffic profile of the active femtocells and the UL interference conditions at the macro.

5 Conclusion 

Simulations suggest that a simple approach of placing a cap on a femto UEs power can be effective in controlling UL interference to a macro eNB. The required “cap” on the femto UE power could be made a function of femto density and interference conditions within the macro cell. This could provide adequate performance at the macrocell for higher femto densities, and improved femtocell performance at lower femtocell densities. An adaptive scheme based on X2 signalling has been evaluated for full buffer and bursty traffic models. Some simplifications are possible to reduce the complexity at the macro eNB due to X2.
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7 Appendix – Deployment and Traffic Models

7.1 Suburban modelling

Femto cells are dropped within the macro coverage area with a random uniform distribution, subject to minimum separation to the macro sites. The density of femtocells per macro cell will be a variable in the simulations. Each of the dropped femtocells is assumed to be “active” i.e. there is at least one active call. A sub-urban type deployment is considered where each femto cell is modelled as a (2 dimensional) rectangular house. Within each house the femto base station and femto UEs are randomly dropped within a specified distance of the centre point of the house. 
All macro UEs are assumed to be indoors similar to the RAN1 assumptions [2].  A macro UE may be within a femto house.

The details of the sub-urban model are as follows.
	Parameter
	Value

	House size
	12x12m

	House+Lot size
	(12f) x (12f) m with f chosen to give desired probability of femto UE being outdoors when randomly dropped in total area of house plus lot.

	Probability femto UE outdoors
	10%

	Macro UEs allowed in femto house
	Yes, macro UEs are randomly dropped within macro indoors coverage area, and a macro UE may happen to be dropped within the 12x12m femto house

	Allow Femto houses+lots to overlap
	No

	Minimum separation UE to femto BS
	20 cm [23]

	Minimum separation femto BS to macro BS
	35m

	Number of active femto UEs per femto-cell
	1

	Distribution of femto houses
	Random uniform within macro coverage area, subject to minimum separation to macro BS and non-overlapping constraint.

	Distribution of femto UE within femto house
	Random uniform, subject to minimum separation to femto BS

	Distribution of femto BS within femto house
	Random uniform


Table 4: Suburban femtocell modelling parameters
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Figure 1: Macro and Femto Geometry
	Cases
	Path Loss (dB)

	UE to macro BS
	(1) UE is outside 
	PL (dB) =128.1 + 37.6log10R, R in km [18]

             = 15.3 + 37.6log10R, R in m

	
	(2) UE is inside a house
	PL (dB) =15.3 + 37.6log10R + Low, R in m [19]

	UE to femto BS
	(3) UE is inside the same house as femto BS
	PL (dB) = 38.46 + 20 log10R + 0.7d2D,indoor+ 18.3 n ((n+2)/(n+1)-0.46)  [19]
R and d2D,indoor are in m 

n is the number of penetrated floors

In case of a single-floor house, the last term is not needed

	
	(4) UE is outside
	PL (dB) = max(15.3 + 37.6log10R, 38.46 + 20log10R) + 0.7d2D,indoor 
+ 18.3 n ((n+2)/(n+1)-0.46) + Low
R and d2D,indoor are in m

	
	(5) UE is inside a different house
	PL(dB) = max(15.3 + 37.6log10R, 38.46 + 20log10R) + 0.7d2D,indoor 
+ 18.3 n ((n+2)/(n+1)-0.46) + Low,1 + Low,2
R and d2D,indoor are in m


Table 6 Path loss models for suburban deployment

7.2 “Dual Stripe” Dense Urban Femto Cell Deployment Modelling
In a dense-urban femtocell modelling, each block represents two stripes of apartments, each stripe has 2 by N apartments (N is 10 in the example illustrated in Figure 2). Each apartment is of size 10m X 10m. There is a street between the two stripes of apartments, with width of 10m.  Each femtocell block is of size 10(N+2)m X 70m. This is to make sure that the femtocells from different femtocell blocks are not too close to each other. In each macro cell sector, one or several femtocell blocks are randomly dropped. It is assumed that each femtocell blocks are not overlapping with each other.  

Each femtocell block has L floors, L is chosen randomly (L could be a number between 1 and 10).  If more than one femtocell blocks are dropped, each femtocell block can have different number of floors.

To simulate the realistic case that an apartment may not have a femtocell, we use a parameter named “deployment ratio” to determine whether an apartment is deployed with a femtocell or not. If the deployment ratio is 0.1, in our example, it means that on average, each floor has 8 (=0.2*40) femtocells and each block has 8L femtocells. The occupation ratio can vary from 0.0 to 1.0. Another parameter called “activation ratio” is defined as the percentage of active femtocells. If a femtocell is active, it will transmit with suitable power at the traffic channel. Otherwise, it will only transmit the control channels. Activation ratio can be from 0 to 100%. A femto cell block is illustrated in Figure 2. An example parameter table is listed in Table 5. 

	N (number of cells per row )
	10

	M (number of blocks per sector)
	1

	L (number of floors per block)  
	6

	R (deployment ratio )
	0.2

	P (activation ratio)
	50%


Table 5 Urban-dense femtocell modelling parameters
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 Figure 2. A femtocell block

Macro UEs are dropped uniformly and randomly throughout the sector. It’s possible that some Macro UEs will be dropped into the femtocell area. It is assumed that there is one femto UE per femto cell, which is dropped randomly in the active femtocell. The femtocell BS is also randomly placed in each femtocell. 

	Cases
	Path Loss (dB)

	UE to macro BS
	(1) UE is outside 
	PL (dB) =15.3 + 37.6log10R, R in m

	
	(2) UE is inside an apt
	               PL (dB) =15.3 + 37.6log10R + Low, R in m

	UE to femto BS
	(3) Dual-stripe model: UE is inside the same apt stripe as femto BS

	  PL (dB) = 38.46 + 20 log10R + 0.7d2D,indoor+ 18.3 n ((n+2)/(n+1)-0.46)  + q*Liw
R and d2D,indoor are in m

n is the number of penetrated floors

q is the number of walls separating apartments between UE and femto BS

In case of a single-floor apt, the last term is not needed

	
	(4) Dual-stripe model: UE is outside the apt stripe
	PL (dB) = max(15.3 + 37.6log10R, 38.46 + 20log10R) + 0.7d2D,indoor 
+ 18.3 n ((n+2)/(n+1)-0.46) + q*Liw + Low
R and d2D,indoor are in m
q is the number of walls separating apartments between UE and femto BS 


	
	(5) Dual-stripe model: UE is inside a different apt stripe
	PL(dB) = max(15.3 + 37.6log10R, 38.46 + 20log10R) + 0.7d2D,indoor 
+ 18.3 n ((n+2)/(n+1)-0.46) + q*Liw + Low,1 + Low,2 

R and d2D,indoor are in m

q is the number of walls separating apartments between UE and femto BS



7.3 Traffic Models 

A bursy traffic model is defined.  This is a simple model with a fixed packet size and with an exponential distribution for packet inter-arrival times. The model further assumes that a new packet is not generated until the previous packet has been successfully delivered, which ensures that the buffer occupancy is stable. The inter-arrival time is therefore defined as the time between the successful delivery of a packet and the generation of the next packet.
The packet size and mean inter-arrival time are both parameters. To approximate WEB browsing traffic, these could be set to 16.25KB and 200ms respectively.
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