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1. Introduction
In RAN1 # 48bis meeting, the following working assumptions were agreed for intra-cell uplink (UL) Power Control (PC) [1]:
Basic principles:

· PC reference is left for implementation in the eNB
· PSD is set in the UE according to a standardized rule, formula for this rule is FFS
· As consequence of the UL grant coming with the power adjustment, the UE can transmit immediately
Power adjustments controlled by eNB:
· A-periodic UL power control adjustments
· For scheduled data: PC adjustments are included in UL scheduling grants
· For non-scheduled data and PUCCH (e.g VoIP): FFS whether/how to send updates
The following decisions were also made regarding inter-cell UL PC [1]:

· Cell wide overload indicator (OI) exchanged over X2 on a slow basis (number of bits FFS)

· Neighbouring eNB can control individual UEs served by that eNB through it’s scheduler based on OI and available knowledge (e.g. path loss obtained from normal handover measurements)
In this contribution, we address the following remaining open points:
· Intra-cell PC formula in the UE

· Inter-cell PC algorithm

· UE measurement reports in support of UL PC

· eNB system information to broadcast in support of UL PC

· Information exchanged on the X2 interface in support of UL PC 
2. Intra-cell UL Power Control
Thus far, two baseline intra-cell open-loop power control methods have been proposed for EUTRA:

1. The fractional power control (FPC) [3].

2. The classic open-loop method with an adaptive SINR target [2]. 

In this Section, we demonstrate why the latter option is the better choice for both performance and overhead reasons. It should be noted that both options are expected to be complemented by inter-cell PC (Section 3) and eNB-controlled adjustments to compensate for open loop power control (OLPC) errors (low speed UEs) and other hardware impairments. However, they do not play any role in the “core” comparison of both algorithms, so they are not addressed in the rest of the Section.  
2.1. Description of Proposed Methods
2.1.1. Classic Open – Loop Power Control

Classic slow open – loop power control is commonly performed by the mobile for all UL transmissions as:
P = min{Tserv – Lserv + Jserv, Pmax }





(1)

Equation (1) is in logarithmic [dB] scale, and following definitions apply: 

· Tserv is the target SINR in dB scale, and in the serving cell.
· Lserv is the estimated long-term fading gain from the UE to the serving cell, in dB scale. This includes “propagation loss,” “antenna gain pattern,” and “shadowing.” 
· Jserv total interference seen by the serving cell, in dBm scale.
· Pmax is commonly designated to be the maximum transmit power of the mobile device, in dBm scale. Throughout the system simulation, Tserv is adapted so that a pre-set percentage ρ% or UEs transmit at Pmax, as follows: if more than ρ% of UEs reach Pmax, then Tserv is reduced; otherwise it is increased. Adaptation rate of once per 40ms was selected [2], and a sweep over values for ρ is performed.
2.1.2. Fractional Power Control [FPC]
In FPC, transmission power of each mobile directly depends on the path loss to the serving eNB, and a number of other pre – determined parameters, which are specific to the FPC. With FPC, transmit power settings of a mobile are computed as
     P = Pmax 
[image: image1.wmf]×

 min{1, max [Rmin , (Lx-tile / L)α ]}



    (2)

Equation (2) is in linear scale, and following definitions apply: 

· Pmax is the maximum transmission power of the mobile device. 
· L is the path loss to the serving eNB. This includes “propagation loss,” “antenna gain pattern,” and “shadowing.” These are modelled as per Table 3 below. 
· ( is the pre – set balance factor, with 0 < ( < 1. Its recommended setting is ( = 0.8.
· Rmin is minimum power reduction ratio. Its recommended setting in is Rmin = – 54.  
· Lx-ile is the x-percentile path loss. Sweeping over the x-percentile path loss generates a tradeoff between the average spectral efficiency, and the cell – edge spectral efficiency (5% CDF).
2.2. Performance Comparison: System Simulation Results
Under assumptions as in Table 3, throughput comparison of FPC and classic open – loop power control is given in Figure 1 and Figure 2, for Cases 1 and 2 [interference limited] and Case 3 [path loss limited]. 
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Figure 1: Spectral Efficiency [bits/sec/Hz/sector] Comparison for Case 1 (left) and Case 2 (right) [ISD 500m].
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Figure 2: Spectral Efficiency [bits/sec/Hz/sector] Comparison for Case 3 [ISD 1730m].
For classic PC with target SINR adaptation, the curve is obtained by sweeping the percentage of UEs at maximum transmit power (ρ%):

· 0.1%, 0.5%, 2%, 5%, 10% for case 1 in Figure 1 - left,
· 0.1%, 0.5%, 1%, 2%, 5% for case 2 in Figure 1 - right,
· 5%, 10%, 30%, 60%, 80% for case 3 in Figure 2.

 The curve for FPC is obtained by sweeping the reference x-tile pathloss value

· 121 dB, 125 dB, 129 dB, 134 dB, 139 dB for case 1 in Figure 1 - left,
· 111 dB, 115 dB, 119 dB, 124 dB, 129 dB for case 2 in Figure 1 - right, 
· 125 dB, 134 dB, 139 dB, 145 dB, 150 dB for case 3 in Figure 2.

Figure 1 and Figure 2 show that FPC does not offer significant gain over classic PC with target SINR adaptation in terms of cell average throughput in interference-limited systems. On the other hand, target SINR adaptation achieves a gain of more than 40% over FPC for cell edge throughput. Figure 3 shows that in noise-limited systems, FPC and target SINR adaptation achieve similar performance both for cell average and cell edge throughput. 
2.3. Comparison of Signalling Overhead
For standardisation, another important difference is the signalling required in support of each method. FPC requires that all UEs report periodically their path-loss measurement, which is expected to be an x-bit soft value (x>1), in order to allow eNB maintaining the pathloss CDF from which is derived the parameter Lx-ile in the FPC formula (2). Note that, for intra-cell UL PC, the UE only needs to report the measured reference signal received power (RSRP) that can be further translated in pathloss at the eNB. Since this measurement was already agreed as part of mobility measurements [4], the pathloss information needed in support of the BMPC can be seen as coming for free. However, as discussed during the RAN1 # 48bis meeting, a low overhead RSRP reporting mechanism will be event-triggered. In other words, the mobility procedure only needs to know the UE’s RSRP when it goes below a threshold. So mobility-driven RSRP/pathloss measurements will only provide pathloss information of cell-edge UEs which is not sufficient for FPC that requires the full CDF information. Therefore, FPC adds UL overhead on top of what is strictly needed in support of mobility procedure.

Classic open-loop power control with TSINR adaptation requires that only those UEs reaching their maximum Tx power report that fact through a 1-bit reporting. It should be noted that this report comes for free if a periodic power headroom report is decided in support of link adaptation.
Thus, the classic open – loop power control with adaptive target SINR can be supported with less signalling overhead.
2.4. Intra-cell UL PC conclusion
Based on its higher performance and lower signalling overhead, we proposed to adopt the classic open-loop power control (formula (1) implemented in the UE) with TSINR adaptation (algorithm described Section 2.1.1 implemented in the eNB) for the intra-cell UL PC functionality.
3. Inter-cell UL Power Control

3.1. Description of Proposed Method
Based on the latest RAN1 decisions, we moved the Bi-Modal Power Control (BMPC) functionality proposed in [5] from the UE to the eNB. The algorithm is unchanged with respect to its original version, which consists in running two power control mechanisms: one maintaining the signal power at the serving cell, and another which restricts the interference to adjacent cells. The UE power setting is the maximum of the two. In this way, the granted UE power prioritises reaching the desired signal level at the serving cell, and then, if allowed by non – serving cells, increases transmit power beyond that. In its new form, the algorithm is described as follows:
BMPC algorithm (ideal):
· The UE runs the intra-cell open loop TargetSINR (Section 2.1.1)
· The UE reports its pathloss difference 
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· The serving cell “s” receives through X2 interface the following parameters from the strongest non-serving cell “n” of UE “k”: 
· Non Serving Target SINR Tn 
· UL interference Jn 
· The serving cell “s” applies the BMPC as follows: 

· If 
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 then serving cell “s” grants a power increase P to UE k: 
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· Else P = 0 
The above algorithm is quoted as ideal as it assumes a periodic pathloss report difference XL from all UEs. As already discussed in Section 2.3 for the FPC, we would prefer to reduce this UL overhead through event-triggered reports. Therefore, a low-overhead version of the BMPC is described below.
BMPC algorithm (low overhead):

· The UE runs the intra-cell open loop TargetSINR (Section 2.1.1)

· The UE reports its pathloss difference 
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 (in logarithmic [dB] scale) between strongest non-serving cell “n” and serving cell “s” as well as the strongest non-serving cell ID: n. This is event-triggered, e.g. upon a threshold, so that mainly cell-edge UEs report it. 
· The serving cell “s” receives through X2 interface the following parameters from the strongest non-serving cell “n” of UE “k”: 
· Non Serving Target SINR Tn 
· UL interference Jn 
· The serving cell “s” applies the BMPC as follows: 

· If 
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· Else P = 0  
· If no XL is reported (below the triggering threshold) P = fixed value. 

· The threshold for triggering XL report should be common to both HO and PC procedures. 
3.2. Required signalling

The signaling required in support of the BMPC, as defined in Section 3.1, is summarized below:
· Event-triggered report by UE to eNB of the pathloss difference between strongest non-serving and serving cell as well as the strongest non-serving cell ID
· Neighbouring cells’ DL RS Tx power is signalled by any mean (P-BCH, …) in support of the above
· eNB receives through X2 interface the following parameters from neighbouring eNBs:
· Non Serving Target SINR Tn
· UL interference Jn 
The parameter set Tn, Jn can be merged into a single value Tn + Jn transmitted over X2, to be used in the above equations. Even though it is not strictly speaking an overload indicator (OI), it plays a similar role but with more flexibility as it allows directly maintaining each individual UE to the exact level of interference tolerated by the strongest non-serving cell. Note also that now that the OI was decided to be transmitted on the X2 interface, there is not reason to stick to 1-bit information anymore, which was the main benefit of the original OI.
Note that there are practically three options to signal the information needed in support of the BMPC:
· The UE reports the RSRP difference (in logarithmic [dB] scale) between strongest non-serving cell and serving cell and the eNodeB derives the UE’s pathloss difference from neighbouring cell RS Tx Power communicated through X2. In this case, the UE does not need to know the RS Tx power of neighbouring cells, but then, the triggering threshold on RSRP is set to actually reflect a triggering threshold on pathloss. So there is a triggering threshold broadcasted for each neighbouring cell in the serving cell, which results in DL overhead. 

· The UE reports the pathloss difference between strongest non-serving cell and serving cell based on a common triggering threshold and the RS Tx Power of neighbouring cells is broadcasted in the serving cell as part of neighbouring cell list (NCL). Similar overhead as above. 

· The UE reports the pathloss difference between strongest non-serving cell and serving cell based on a common triggering threshold and reads the RS Tx Power of neighbouring cells on neighbouring cells’ P-BCH. 

 
The first two options are similar in terms of overhead and do not require the RS Tx Power to be carried on the P-BCH. Their overhead trade-off with respect to the third option looks like that of the q-offset overhead trade-off discussed in RAN2 (in P-BCH or in NCL).
The third option requires the RS Tx Power to be carried on the P-BCH and that UEs can read neighbouring cell’s P-BCH.
3.3. Performance

The performance of the BMPC was shown to outperform the improved FPC [6] and the overload indicator [7] methods in [8]. These results do not change when moving the inter-cell functionality from the UE to the eNB since the algorithms are unchanged. However, it is interesting to look at the performance impact of the low overhead event-triggered pathloss report: the lower the reporting threshold, the larger the number of UEs granted with a computed ΔP value (as opposed to fixed default value), so the better the BMPC efficiency, but the larger the UL overhead. Note an event-triggered pathloss report will affect similarly the above inter-cell UL PC methods, so should not change the results of the comparative analysis.
The system simulation assumptions are listed in Table 3 in Annex. The pathloss difference reporting threshold, denoted as ΔLThresh, is set to be -3, -6, -10, -15, and -Infinity, as shown in Table 1. In other words, UEs report XL if XL = Ln,k – Ls,k > ΔLThresh. Note that the smaller ΔLThresh is, the higher percentage of UEs report XL. Table 2 lists a few additional power control parameters. For example, the default power increase for UEs not reporting XL is set to be 6 dB; the difference of the target signal to interference plus noise ratio in the serving and strongest non-serving cell is 10 dB; and the target SINR in the serving cell is adapted such that 2% of UEs are transmitting at maximum transmit power.
Table 1:  Cell Average and Cell Edge Spectral Efficiency
	
	Sys. Config. 1
	Sys. Config. 2
	Sys. Config. 3
	Sys. Config. 4
	Sys. Config. 5

	Pathloss Diff. Reporting Thresh. ΔLThresh [dB]
	-3
	-6
	-10
	-15
	-Infinity

	Cell Edge Spec. Eff.

[bits / sec / Hz ]
	0.2920
	0.3513
	0.4150
	0.4393
	0.4202

	Cell Spec. Eff.

[bits / sec / Hz ]
	0.7469
	0.7864
	0.7866
	0.7649
	0.8041


Table 2: Additional Power Control Parameters

	Default ΔP
	6 dB

	BMPC Ts - Tn
	10 dB

	Percentage of UEs at Max Tx Power for Intra-cell PC
	2%


Table 1 shows the cell edge and cell average throughput for 5 simulated system configurations. It can be concluded that smaller ΔLThresh yields better cell edge throughput. Moreover, as shown in Figure 3, the percentage of UEs reporting XL increases as ΔLThresh decreases. The CDF of interference power over thermal noise is shown in Figure 4.
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Figure 3 CDF of UE Throughput (left) and Normalized UE Throughput (right)
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Figure 4: CDF of Interference over Thermal Noise Power Ratio
4. Conclusion

This contribution proposes a network based Bi-Modal Power Control method for EUTRA uplink. The observed interference level and the non-serving UE target SINR at each Node-B are exchanged throughput the X2 interface. UE reports to its serving Node-B the pathloss (or RSRP) difference between the serving and the strongest non-serving cell if the difference is within a threshold. Upon receiving the reported pathloss (or RSRP) difference from the UE and the load information from neighbouring Node-Bs, each Node-B issues power control adjustments to its serving UEs, according to the herein proposed BMPC algorithm. The parameters in the proposed BMPC algorithm, such as the threshold for pathloss (or RSRP) difference reporting, the default UE transmit power increase, and the target SINR of serving and non-serving UEs, need to be jointly optimized for good system performance. Preliminary simulation results show that the proposed BMPC can simultaneously achieve good cell edge and cell average spectral efficiency. 
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Annex:



Table 3: System Simulation Assumptions

	Parameter
	Assumption

	Cellular Layout
	Hexagonal Grid; 19 NodeBs
Three Cells Per NodeB

	User Drop
	Uniformly Inside the Cell

	Minimum Distance Between UE and Tower
	35 m

	NodeB Antenna Bore Site 
	Towards Flat Side of the Cell

	Inter – Site Distance
	500m

	Shadowing Standard Deviation
	8 dB

	Path Loss
	128.1 + 37.6log10(R) where R is in kilometers  

	Shadowing Standard Deviation
	8 dB

	Shadowing Correlation
	Between Cells 
	1.0

	
	Between NodeBs
	0.5

	Penetration Loss
	20 dB

	Antenna Pattern
	A = - min {12 (θ / θ3dB)2, 20dB}.

θ3dB = 70 degrees

	System Bandwidth
	10 MHz

	Numerology
	RB size
	12 Sub – Carriers 

	
	Number of RBs
	50

	Channel Model
	SCM – C 

	UE Velocity
	3kmh

	UE Power Class
	24dBm 

	Number of UE Antennas
	1

	Number of NodeB Antennas
	2

	Receiver Equalizer
	MMSE; Lookup BLER [11]

	Channel Estimation Penalty
	1dB

	UE Antenna Gain
	0dBi

	NodeB Antenna Gain
	14dBi

	Number of UEs per NodeB/Cell
	30/10

	HARQ Type
	Chase Combining

	Maximum Number of Retransmissions
	5

	HARQ Retransmission Delay
	5 TTI

	Traffic Model
	Full Buffer

	Scheduler 
	Round Robin / Proportional Fair

	Scheduling Delay 
	1 TTI

	Uplink Control Overhead
	16% [8 RBs]

	Uplink Sounding RS Overhead
	8.3% [1 LB]

	Uplink Power Control
	Slow with 40 TTI Period

	MCS Set
	QPSK: {1/5, 1/4, 1/3, 1/2, 5/8} 

	
	16QAM: {1/3, 1/2, 5/8, 3/4}
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