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1
Introduction
With a de-centralized uplink scheduler, uplink interference due to the coupled load needs to be managed carefully. While for R6 EUL, explicit mechanisms were provided for a tight control on uplink inter-cell interference, analysis on this subject was very sparse during the E-UTRA SI phase [1]. 

Almost all of the uplink interference management discussions hinged on frequency coordination, but little was stated on the scenarios with frequency reuse 1.

In this document, we propose and analyze the performance of a scheme with explicit L1 based uplink load indication.

2
IoT Management

With an orthogonal uplink, inter-cell interference dictates coverage in a cell. The coverage needs to be evaluated for:

· UL Control

· Does not benefit from HARQ

· Does not benefit from link adaptation

· UL Data

· Benefits from HARQ

· Might or might not benefit from link adaptation depending on the UE speed

In most system level analysis done during the SI phase, the simulations do not consider the coverage of control channels. The 5% user data throughput is not the adequate metric to dictate the true coverage of the system due to the benefit from HARQ and link adaptation on the UL shared data channel.

We believe that for an efficient functioning of E-UTRA UL, the inter-cell interference needs to be tightly controlled by the network regardless of the uplink load. Mechanisms must be in place to react to overload conditions in a fast manner.

3
Inter-Cell Interference Control

With an orthogonal uplink, in a single cell scenario, a UE can transmit at maximum Tx power without impacting the link performance of other users.

In a multi-cell scenario, with such a strategy, UEs at cell edge inject significant interference into other cells, diminishing the system coverage. However, cell interior UEs typically do not cause interference in other cells.

For a stable and optimal system operation, we observe that cell interior UEs can transmit at higher power or power spectral density, than the UEs at cell edges.

Therefore, we keep two objectives in mind for an UL interference management algorithm:
· Means to reduce inter-cell interference

· Scheduler flexibility to allocate bandwidth to different users

Further, we make the following assumptions:

· Each UE has a single serving cell in the uplink

· The serving cell is typically not aware of the interference caused by the transmission from its terminals to the other cells
3.1
Closed Loop PSD Control

From a high level perspective, the proposed closed loop PSD control algorithm is as follows:
· Each cell broadcasts an uplink load indicator (busy or not) in the downlink in a periodic manner

· Each UE decodes the load indicator bits from at least one dominant interfering cell (based on path loss measurements)

· The UE appropriately reduces its allowed Tx power spectral density
The details of the algorithm are now based on the following steps:

1. A reference PSD is maintained at the Node-B and used for intra cell power control

a. This is based on a periodic known signal such as CQI
2. The UE periodically reports a PSD delta and a supportable bandwidth

a. The reference PSD delta is a function of load indication commands from non-serving cells
i. This indicates the power headroom available at the UE assuming that the assigned (granted) bandwidth for data transmission equals the CQI bandwidth
b. The supportable bandwidth is computed from the maximum transmit power and the Tx PSD
i. This indicates the maximum bandwidth that can be supported by the UE, given the max Tx power constraint and the PSD at which UE transmits data
3. The Node-B grants an uplink assignment consisting of the following information:

a. Bandwidth (number of tones)
a. This should be lower than the supportable bandwidth
b. Packet format (packet size and modulation)
4. UE transmits the packet in accordance with the assignment with the PSD delta
The algorithm is succinctly written down in terms of equations in Appendix A.
3.2
Open Loop PSD Control

If the UE’s transmit power or PSD is controlled in an open loop manner, the initial PSD offset from the reference PSD is unknown. It is a function of the cell layout, network load and therefore cannot be pre-determined.
4
Simulation Setup in E-UTRA UL
In this section, we compare the closed loop and open loop PSD control algorithms.

The simulation assumptions are the same as listed in [1]. The detailed simulation results are shown in Appendix B.
The impact of inter-cell power control is evaluated by enabling and disabling the load indicators from the neighbouring cells. The PSD offset from each UE naturally evolves into the optimal setting from an initial setting, enabling a simpler network operation.
In the absence of any explicit load indicator command, an open loop traffic PSD offset is used – note that this open loop PSD function is chosen after running a very large set of simulations to maximize the uplink capacity. This is a fundamental drawback of the open loop algorithm.
Taking a subset of the results from Appendix B, consider layout D1:
	Link Budget
	Site-to-site Distance

(m)
	Speed

(kph)
	Closed Loop PSD Control
	Mean IoT (dB)
	Spectral Efficiency

(b/s/Hz)
	5% Spectral Efficiency

(b/s/Hz)

	D1
	500
	3
	No
	4.53
	0.77
	0.004

	
	
	
	Yes
	4.43
	0.69
	0.017


Table 1
Impact of PSD Control – Capacity vs Cell Edge Performance
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Figure 1

CDF of IoT
Figure 1 shows the distribution of IoT without closed loop PSD control with an initial PSD setting that was chosen after trial and error, as outlined in Appendix B.

It is seen that compared to open loop PSD control, closed loop PSD control offers:

· A natural evolution of the system to the appropriate PSD offset for each UE

· Tight control of IoT distribution

· Higher cell edge performance for the same capacity

5
Proposal
Based on the analysis and the results shown in this document, we propose deciding on the following regarding UL power control:

· Each cell broadcasts an indication of the uplink load

· Each UE monitors the uplink load indicator from at least the strongest uplink non-serving cell and appropriately reduces its transmit power spectral density
References

[1]. R1-061525, “System analysis for UL SIMO SC-FDMA,” Qualcomm Europe
Appendix A
Closed loop PSD control algorithm
Let us consider the following notation:
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The reference PSD is defined as:
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The UE periodically reports:
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wherein the Tx PSD is defined as:
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and  Li represents the load indicator at the UE i.
The scheduler uses the following criteria to allocate bandwidth to different users:
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Each assigned UE sets its transmit PSD to 
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Appendix B
 Performance Results
In Tables 2 and 3, we show the system performance in terms of mean operating IoT, average cell throughput and the 5% edge UE throughput with and without inter-cell power control. Fairness plots for different link budgets are shown in Figures 3 to 9, respectively. The fairness is defined as the CDF of the UE spectral efficiency.

Inter-cell power control is done by the UE listening to load indication commands from the strongest interfering cell. Load indications are generated by comparing the filtered IoT with the target operating point and transmitted once every 10ms using OOK. The up/down step size to adjust the PSD offset is 0.05dB with scenarios D1, D2 and D4 and it is 0.5dB with D3. The initial/open loop PSD offsets with inter-cell power control are shown in Figure 2.
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 Figure 2  
Initial PSD offset vs. path loss difference – Inter-cell PC

Results in Tables 2 and 3 are with the same initial PSD setting as given in Figure 2. 

Note that when there is no inter-cell power control, this initial setting can not yield any meaningful results due to larger ISD and higher penetration loss inherent in D3 (that’s the reason of the “N/A” entries in Table 3). 

From these results we can see that with the same initial setting, the system can be operated very tightly at the target IoT with reasonable fairness when there is inter-cell power control; when there is no inter-cell power control the fairness criterion cannot be met even though the system throughput is higher. This is due to the reason that severe penalty is imposed on the edge UEs with this particular initial setting.

	Link Budget
	Site-to-site Distance

(m)
	Speed

(kph)
	Mean IoT (dB)
	Spectral Efficiency

(b/s/Hz)
	5% Spectral Efficiency

(b/s/Hz)

	D1
	500
	3
	4.43
	0.69
	0.017

	D2
	500
	30
	4.41
	0. 71
	0.017

	D3
	1732
	3
	4.40
	0.57
	0.004

	D4
	1000
	3
	4.44
	0.68
	0.017


Table 2

System throughput with inter-cell power control

	Link Budget
	Site-to-site Distance

(m)
	Speed

(kph)
	Mean IoT (dB)
	Spectral Efficiency

(b/s/Hz)
	5% Spectral Efficiency

(b/s/Hz)

	D1
	500
	3
	2.94
	0.81
	0.002

	D2
	500
	30
	3.01
	0. 82
	0.002

	D3
	1732
	3
	N/A
	N/A
	N/A

	D4
	1000
	3
	2.97
	0.81
	0.002


Table 3

System throughput without inter-cell power control – same initial PSD setting
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Figure 3  

Fairness – D1 – with inter-cell PC
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Figure 4  

Fairness – D1 – No inter-cell PC, Same initial PSD setting
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Figure 5  

Fairness – D2 – with inter-cell PC

[image: image13.emf]Fairness -- D2 -- no inter-cell PC

0.00%

5.00%

10.00%

15.00%

20.00%

25.00%

30.00%

35.00%

40.00%

45.00%

50.00%

55.00%

60.00%

65.00%

70.00%

75.00%

80.00%

85.00%

90.00%

95.00%

100.00%

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2

UE spectral efficiency [b/s/Hz]

CDF

Fairness Fairness criterion


Figure 6  

Fairness – D2 – no inter-cell PC, same initial PSD setting
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Figure 7  Fairness Plot with D3 – with inter-cell PC
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Figure 8  Fairness Plot with D4 – with inter-cell PC
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Figure 9  Fairness Plot with D4 – no inter-cell PC, same initial PSD setting

When the inter-cell PC is enabled the initial PSD setting is not very critical as it will be adaptively updated by the load indication; however, when there is no inter-cell PC, the initial PSD setting is crucial for the system performance. We illustrate this in more detail by playing with different initial PSD setting.

The results in Table 4 with D1, D2 and D4 are with the initial mapping given in Figure 10 while D3 is with mapping in Figure 11. The corresponding fairness plots are given in Figures 12 to 15. It can be seen that the new set of results can meet the fairness criterion, however, the system IoT is higher than the target operation point 4.5dB.
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Figure 10  Initial setting I of PSD offset vs. path loss difference for D1/D2/D4 – no inter-cell PC
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Figure 11  Initial setting I of PSD offset vs. path loss difference for D3 – no inter-cell PC
	Link Budget
	Site-to-site Distance

(m)
	Speed

(kph)
	Mean IoT (dB)
	Spectral Efficiency

(b/s/Hz)
	5% Spectral Efficiency

(b/s/Hz)

	D1
	500
	3
	5.76
	0.75
	0.017

	D2
	500
	30
	5.97
	0.81
	0.017

	D3
	1732
	3
	3.48
	0.51
	0.005

	D4
	1000
	3
	5.68
	0.75
	0.017


Table 4

System throughput without inter-cell power control – modified initial PSD setting I
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Figure 12  Fairness Plot with D1 – no inter-cell PC, modified initial PSD setting I
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Figure 13  Fairness Plot with D2 – no inter-cell PC, modified initial PSD setting I
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Figure 14  Fairness Plot with D3 – no inter-cell PC, modified initial PSD setting I
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Figure 15  Fairness Plot with D4 – no inter-cell PC, modified initial PSD setting I
The results in Table 5 with D1, D2 and D4 are with a different initial mapping given in Figure 16 while D3 is with mapping in Figure 17. It can be seen that the resulting IoT is around 4.5dB, the fairness criterion is met and the throughput is higher. However, with D1/D2/D4 the edge spectral efficiency is much lower. Note that the results with D3 in Table 5 are slightly better than those with inter-cell power control as listed in Table 2. This is due to the reason that with the given initial setting as in Figure 2 a larger step size (0.5dB) is needed to operate the system as desired. The larger variation resulting from the larger step size makes the system performance slightly worse than the fine tuned ones. 
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Figure 16  Initial setting II of PSD offset vs. path loss difference for D1/D2/D4 – no inter-cell PC
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Figure 17  Initial setting II of PSD offset vs. path loss difference for D3 – no inter-cell PC
	Link Budget
	Site-to-site Distance

(m)
	Speed

(kph)
	Mean IoT (dB)
	Spectral Efficiency

(b/s/Hz)
	5% Spectral Efficiency

(b/s/Hz)

	D1
	500
	3
	4.53
	0.77
	0.004

	D2
	500
	30
	4.47
	0.82
	0.004

	D3
	1732
	3
	3.95
	0.56
	0.005

	D4
	1000
	3
	4.46
	0.78
	0.004


Table 5

System throughput without inter-cell power control – modified initial PSD setting II
Figures 18-21 show the different fairness curves for this initial PSD setting II. 
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Figure 18  Fairness Plot with D1 – no inter-cell PC, modified initial PSD setting II
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Figure 19  Fairness Plot with D2 – no inter-cell PC, modified initial PSD setting II
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Figure 20  Fairness Plot with D3 – no inter-cell PC, modified initial PSD setting II
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Figure 21  Fairness Plot with D4 – no inter-cell PC, modified initial PSD setting II

The distribution of IoT per cell is also affected by the load commands. When there is inter-cell power control the IoT per cell is controlled fairly tightly; while there exists bigger variation in IoT in the case of no inter-cell power control. The reason is that without inter-cell power control different cell may experience different interfering power depending on the UE layout. This can be demonstrated in Figures 22-25 where we show the CDF of IoT across cells with and without inter-cell power control. The initial settings are as given in Figures 16 and 17.
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Figure 22  CDF of IoT distribution among cells – D1
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Figure 23  CDF of IoT distribution among cells – D2
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Figure 24  CDF of IoT distribution among cells – D3
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Figure 25  CDF of IoT distribution among cells – D4
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