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1 Introduction

Two main schemes for uplink power control have been proposed: 

(1) Slow methods in which the UE transmit power spectral density is controlled to compensate a fraction of the path loss and shadowing in an open loop manner (i.e. fractional power control) [1, 2, 3]

(2) Fast, closed loop methods in which the UE adjusts its transmit power spectral density based on overload indicators periodically broadcast from neighbor cells [4, 5, 6]

In a previous contribution [7] we showed that significant gains were possible by employing a method using overload indicators; however here we show that a simple modification of the slow fractional power control scheme can achieve performance similar to the overload indicator method. The modification is simply to make use of the difference in path loss from the serving cell to the strongest neighbor cell, rather than using only the path loss from the serving cell as has been proposed in [1,2,3]. The path loss difference between the serving cell and the strongest neighbor cell can be computed simply from the ratio of received downlink pilot power measurements from these two cells; a measurement that is anyway needed for the purposes of handover. In addition to the open loop set point, it should also be possible for the e-NB to make a dynamic adjustment to the UE power spectral density through signaling power offsets on the UL scheduling grant, so as to correct for open loop inaccuracies and allow for interference coordination techniques.

2 UL Power Control

2.1 Conventional Open Loop Fractional Power Control

A summary of open loop fractional power control and closed loop overload indicator based methods has been provided in [7].  The basic idea behind using the open loop fraction power control technique that the UE transmit power spectral density is set to compensate a fraction of the path loss (including shadowing):

          TxPSD_dBm = min( Max_TxPSD_dBm,   +  *(PathLoss_dB) + Interference_dBm)
(1)

This resulting targeted SINR (per antenna, per tone), is given by:

Target_SINR_dB = TxPSD_dBm – PathLoss_dB – Interference_dBm  

(2)

Ignoring the Max_TxPSD_dBm limitation in (1), the target SINR is given by

Target_SINR_dB =  + ( -1)*(PathLoss_dB)




(3)

Max_TxPSD_dBm is the maximum UE transmit power spectral density (power per resource unit), which is a function of the UE power class and the assigned transmission bandwidth. Note that if  = 0, there is no compensation for the path loss and all UEs transmit with the same transmit power spectral density (possible maximum power) which results in high interference levels and poor cell edge performance. If  = 1, then we have traditional slow power control in which we fully compensate for the path loss and all UEs are received with the same SINR (= ), resulting in poor spectral efficiency. By setting 0 <  < 1, only a fraction of the path loss is compensated, which provides flexibility in balancing spectral efficiency and cell edge performance.

2.2 Modified Open Loop Fractional Power Control Using Pilot Power Ratio Measurements

The main problem with open loop fractional power as described above is that it does not directly take into consideration the amount of interference a UE will generate to a neighbour cell. For example, in Figure 1, UE T1 is served by Node-B 1 and generates interference to Node-B 2. However, if UE T1 has a strong shadow fade to Node-B 2, then it should be allowed to transmit at a higher transmit power spectral density compared to the case when UE T1 has a small shadow fade to Node-B 2. Another example is the case of a non-homogeneous deployment in which Node-B 2 has a much larger cell radius, in which case UE T1 should be allowed to transmit at higher power levels. Making use of the level of interference a UE will generate to its neighbour sector will allow for smaller variance in the interference distribution and higher throughput, as will be shown in Section 3.


We propose that the open loop fractional power control method be modified as follows: the target SINR should be set as a function of the path loss difference between the serving cell and the strongest neighbour cell:

Target_SINR_dB = min( + (1-*(PathLoss_dB) ,   Max_Target_SINR_dB)

(4)

where PathLoss_dB is the difference in path loss (including shadowing) between the strongest neighbor sector and the current serving sector. This measurement is easily made by computing the ratio of the received downlink pilot power measurements:

PathLoss_dB = PathLoss_dB_StrongestNeighborCell – PathLoss_dB_ServingCell

  
   = 10*log10( DL_Rx_PilotPower_ServingCell / DL_Rx_PilotPower_StrongestNeighborCell)  
(5)

The quantity in parenthesis is simply referred to as the downlink pilot power ratio (PPR). In equation (3), the intercept parameter  specifies the target SINR at the “cell edge” (i.e, when PathLoss_dB = 0). The slope parameter specifies how quickly the target SINR increases as the UE moves towards the cell interior, and hence controls the fairness of the power control scheme. Max_Target_SINR_dB is the maximum allowable target SINR. This is illustrated in Figure 2.


Note that the form of equation (4) is very similar to the conventional fractional power control target SINR expression in equation (3), with the path loss difference replacing the path loss to the serving cell. This should help facilitate the possibility to signal switching off the path loss difference usage and reverting back to conventional fractional power control when desired; however, with our current system level evaluation in Section 3 with uniform loading and no interference coordination, we do not see a benefit of switching off the path loss difference in favor of path loss only.
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Figure 1: Situation of UE T1 which is served by Node-B 1 and causes interference to neighbor Node-B 2.
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Figure 2: Illustration of increasing target SINR as path loss difference between serving cell and strongest non-serving cell increases (i.e. moving towards the interior of the cell; smaller values of  are more aggressive at increasing the target SINR for high geometry users. Note that if then we have full compensation of the path loss (i.e. target SINR is the same for all UEs) as in the traditional fractional power control scheme.
The proposed UL power control scheme would work as follows:

1. UE receives fractional power control parameters , and Max_Target_SINR_dB from broadcast channel of serving cell. In addition the UE receives the UL interference level which is anyway needed for open loop power control for RACH

2. UE makes measurements on received DL pilot strengths from serving cell as well as any detected neighboring cells. These measurements are anyway needed for handover. 

a. If no non-serving cells are detected, the UE simply sets the target SINR equal to Max_Target_SINR_dB

b. Else if a non-serving cell is detected, then the UE computes the pilot power ratio (PPR) as the ratio of the received DL pilot power from the serving cell to the DL pilot power from the strongest detected non-serving cell. PathLoss_dB is then computed by converting the PPR to a log scale, and the target SINR is computed according to equation (4):
Target_SINR_dB = min(  + (1-*(PathLoss_dB) ,   Max_Target_SINR_dB)

(6)
3. The UE transmit PSD is calculated using the relationship in equation (2). However, we would also like to allow for an additional PSD offset that is sent in the UL scheduling grant assignment by the scheduler at the e-NB; this will be beneficial in compensating for inaccuracies from pure open loop operation, and to allow for interference coordination schemes:  
TxPSD_dBm = (Target_SINR_dB + PathLoss_dB_ServingCell + Interference_dBm) +      Additional_PSD_Offset_dB
=  + (1-*( PathLoss_dB_StrongestNeighborCell) + *PathLoss_dB_ServingCell + Interference_dBm + Additional_PSD_Offset_dB





      (7)
An interesting observation is that when the UE Tx PSD is set as above, then the received PSD at the strongest neighbor cell is given by

   

RxPSD_dBm = PathLoss_dB) + Interference_dBm
                      (8)

Note that when = 0 in eq. (8), then the received PSD at the strongest neighbor cell will be the same for all UEs in the serving cell, regardless of the UE’s location in the serving cell. Had we chosen values of  less than 0, then UEs closer to the interior of the serving cell would be received with larger power at the strongest neighbor cell compared to UEs at the cell border, which is clearly undesirable; hence we restrict the values of  to be between 0 and 1. The two extremes have the following interpretation:

· generates equal interference from each UE in the serving cell to the strongest neighbor cell  

· gives an equal target SINR for each UE at the serving cell, by fully compensating the path loss (which is the same as the conventional open loop power control)
We assume in this modified fractional power control method that the e-NB is aware of the UE’s open loop PSD set point. This is possible if either both the path loss to the serving cell and the path loss to the strongest neighbor cell are sent in a measurement report by the UE, or if simply the pilot power ratio measurement is sent. 

Note that different deployment scenarios (i.e. cell sizes, desired IoT operating levels, etc.) will require different power control parameters. Therefore it makes sense that measurements exchanged between e-NBs, such as UL loading information, can be used to adaptively update the power control parameters.
2.2.1 Required Measurements
The following measurements are needed to support this modified uplink power control scheme:

a) UE reports to serving e-NB the path loss to the serving cell (already assumed available with a frequency of ~100ms according to 25.814)
b) UE reports to serving e-NB the path loss to the strongest neighboring cell, this can be reported together with the measurement in 1.
c) Neighboring e-NBs exchange long term uplink interference measurements (IoT) via the X-2 interface. The measurement and reporting interval should be long enough to average out the variability due to fading and user scheduling (i.e. several hundred milleseconds).
Measurements (a) and (b) allow the scheduler in the e-NB to be aware of the UE’s transmit PSD setting according to equation (7), which allows the scheduler to perform proper MCS selection. Measurement (c) allows the scheduler in the e-NB to adapt the power control parameters andto get the desired IoT operating point, which could be driven by link budget considerations. One possibility is to choose a fixed value of which has an affect on the fairness between interior users and edge users (i.e. the spread in the target SINR according to eq. (6) ), and adapt only to get the desired IoT operating point. 
3 Simulation

Using the system simulation assumptions listed in Annex A, we simulated the performance of fractional power control using path loss only (as in equation 1) and using the pilot power ratio measurement (as in equation 3). In these simulations we have not considered any form of interference coordination, hence no additional PSD offset has been added in the UL scheduling grant. In addition, we illustrate the performance of the IoT overload based power control scheme described in [4].

For the fractional power control schemes, we chose a range of values for  so that we could illustrate the tradeoff between cell throughput and cell edge rates. For each value of  we chose  in order to get a median IoT operating point of 4.5 dB. In practice, the desired IoT operating point may be dictated by link budget requirements, and can be controlled via exchanging load information between neighboring e-NBs and appropriately adapting power control parameters. In both of the fractional power control cases, we used a maximum target SINR of 25 dB.

For the IoT overload based power control scheme, the initial target SINR is set based on the fractional power control scheme using the path loss difference metric, and then individual UEs transmit power spectral density is adjusted based on overload indicators from the strongest neighbor sector. For this scheme we also selected a median IoT operating point of 4.5 dB.

Figure 3 illustrates the performance of the power control schemes for the assumptions listed in Annex A, presented as cell edge rate (defined as the 5% CDF user throughput) vs. average cell throughput. The assumptions in Annex A are what we have used in the past for HSDPA/E-DCH system evaluations, and are somewhat similar to Case 3 in TR25.814. Figure 4 illustrates the performance for simulation Case 1 of TR 25.814. Figure 5 shows the IoT CDF for the two fractional power control schemes with power control parameters that give a cell edge rate of 64 kbps for the simulation assumptions in Annex A; note the reduction in the IoT variation by making use of the pilot power ratio measurements. Based on these results we can draw the following conclusions:

· When very high path loss compensation is used ( close to 1), the performance between the modified fractional power control and conventional fractional power control is similar, which is to be expected because the two techniques become identical for  = 1. 
· As we start trading cell edge rate for higher cell throughput by reducing  (and hence allow higher target SINRs for users closer to the cell interior at the expense of users at the cell edge), the performance of fractional power control is significantly improved by making use of the difference in path loss from the serving cell to the strongest neighbor cell, compared to the case of using only the path loss to the serving cell alone. The increased IoT variance in the conventional fractional power control method (see Figure 5) forces the UL scheduler to become more conservative in MCS selection in order to maintain the desired BLER operating point.
· The fractional power control scheme using the path loss difference metric performs as well as the more complicated IoT overload indicator based approaches. The assumption here is that proper open loop parameters are chosen for the particular cell deployment, based on load measurements reported via the network (i.e. X2 interface)
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Figure 3: Cell edge rate vs. average cell throughput for the system simulation assumptions in Annex A. Tables 1, 2, and 3 give the parameter settings and actual data points.
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Figure 4: Cell edge rate vs. average cell throughput for the simulation Case 1 in TR25.814.
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Figure 5: IoT CDF for fractional power control using the serving cell path loss metric vs. making use of the pilot power ratio (PPR) metric.

	
	
	Median IoT (dB)
	IoT Std. Dev (dB)
	Average Cell Throughput (kbps)
	5% CDF User Throughput (kbps)

	1
	1
	4.2
	0.94
	3721
	119

	0
	0.8
	4.5
	0.87
	4392
	102

	-1
	0.5
	4.2
	0.85
	6214
	65

	-3
	0.3
	4.2
	0.66
	6470
	52

	-5
	0
	4.6
	0.75
	7129
	33


Table 1: Parameter settings for modified fractional power control (using path loss difference metric) to produce results in Figure 3.

	
	
	Median IoT (dB)
	IoT Std. Dev (dB)
	Average Cell Throughput (kbps)
	5% CDF User Throughput (kbps)

	1
	1
	4.2
	0.94
	3721
	119

	26
	0.8
	4.1
	1.21
	4468
	81

	38
	0.7
	4.5
	1.38
	4725
	65

	50
	0.6
	4.3
	1.72
	4992
	37

	62
	0.5
	4.3
	2.39
	5236
	25

	74
	0.4
	4.5
	3.31
	5429
	17


Table 2: Parameter settings for conventional fractional power control to produce results in Figure 3.

	
	
	Median IoT (dB)
	IoT Std. Dev (dB)
	Average Cell Throughput (kbps)
	5% CDF User Throughput (kbps)

	1
	1
	4.2
	0.87
	3609
	120

	-1
	0.5
	4.5
	0.75
	6292
	56

	-5
	0
	4.8
	0.69
	7088
	29


Table 3: Parameter settings IoT overload control to produce results in Figure 3. Here  and  are used to set the initial UE Tx PSD in an open loop manner, after which the UE autonomously adjusts its Tx PSD based on the overload indicator from the strongest neighbor cell.

4 Conclusions
· Open loop fractional power control using the path loss difference between the serving cell and the strongest neighbour cell provides significantly improved performance compared to using the path loss from the serving cell alone, especially when the operating point is chosen to favor high cell throughput over cell edge rate.
· Open loop fractional power control using path loss difference measurements provides similar performance to fast, overload indicator methods
· Nominal UE transmit PSD level is set by open loop fractional power control using the path loss difference metric, and an additional PSD offset should be sent in UL scheduling grant to allow dynamic control of the UE power level when the UE is scheduled; this can be used for correcting open loop inaccuracies and also for interference coordination schemes.
· UE should send measurement report to serving cell containing both path loss to serving cell and path loss to strongest neighbour cell, so that e-NB is aware of the open loop power control set point at the UE
· Uplink load measurements exchanged between neighbour e-NBs (via the X2 interface) can be used to adaptively adjust the power control parameters to adapt to different cellular deployments and maintain the desired level of other cell interference.
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Annex A: System Simulation Assumptions

	Parameter
	Assumption

	Transmission Bandwidth
	5 MHz FDD

	Cellular Layout
	Hexagonal grid, 19 cell sites, 3 sectors per site

	Inter-site distance
	2500 meters

	Losses (cable loss, body loss, etc.)
	7 dB

	Distance-dependent path loss
	COST 231 HATA modell

L=139.6 + 35.7log10(.R), R in kilometers

	Lognormal Shadowing
	Similar to UMTS 30.03, B 1.4.1.4

	Shadowing standard deviation
	8 dB

	Correlation distance of Shadowing
	50 m 

	Shadowing correlation
	Between cells
	0.5

	
	Between sectors
	1.0

	
	

	Antenna pattern (horizontal)

(For 3-sector cell sites with fixed antenna patterns)
	Kathrein antenna pattern, 65 degree beamwidth, 17.1 dBi antenna gain 

	Carrier Frequency / Bandwidth
	1.9 GHz / 5 MHz

	Channel model
	GSM TU, 3 km/hr

	Total BS TX power (Ptotal)
	43dBm

	UE power class
	21dBm (125mW).

	Inter-cell Interference Modelling
	Explicit modelling (all cells occupied by UEs)

	Antenna Bore-sight points toward flat side of cell (for 3-sector sites with fixed antenna patterns)
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	Users dropped uniformly in entire cell


	


	Minimum distance between UE and cell
	>= 35 meters

	MCS Levels in Scheduler
	QPSK R=1/8, ¼, 1/3, ½, 2/3, ¾

16 QAM R=1/2, 2/3, ¾, 7/8

	HARQ
	Max of 8 Tx, Target 20% BLER on first Tx.

HARQ RTT = 5ms

Num HARQ Processes = 10

	Reuse scheme
	Reuse-1, no fractional frequency reuse or interference avoidance applied

	Num UEs Per Cell
	10

	Traffic Model
	Full Buffer

	Scheduling scheme
	Proportional Fair, 500ms time constant. Scheduling is frequency selective based on uplink CQI pilot, only localized subcarrier allocations are used without any frequency hopping.

	Modeling of Channel Estimation
	Non-ideal, assumes one-shot channel estimation over TTI (= 1 ms)

	L1/L2 Control Signaling Modeled
	No

	Link to System Mapping
	Effective Code Rate Method

	
	

	Fractional power control assumptions
	Ideal measurement of path loss (including shadowing)
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