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1 Introduction   
With coordinated multi-point (CoMP) transmission and reception enabled in LTE Rel-11, the downlink transmission points (TPs) and the uplink reception points (RPs) may not be co-located. As observed in several contributions in the Rel-11 UL CoMP WI, this creates serious issues for power control of both PUSCH and PUCCH, in particular for the basic open-loop operating point and path loss estimation. Nevertheless, it was agreed in the RAN1#68 meeting that LTE Rel-11 shall reuse Rel-10 PUSCH/PUCCH power control [1] for uplink CoMP. If the SRS power control is still tied to the PUSCH power control in Rel-11, the inaccuracy in path loss estimation will also affect the SRS power control.
Although one may expect a closed-loop power control to correct the inaccuracy of the open-loop operating point, the time-scale of closed-loop TPC commands and its convergence time are tied to implementation aspects and hence difficult to evaluate and predict. Hence, a safe design approach is first to guarantee the correct operation of the open-loop algorithm for reliable performance of, PUCCH, PUSCH and SRS. It is therefore relevant to verify how the RAN1#68 decision affects the CoMP operation when only open-loop power control is used.
This paper first provides evaluation results for path loss estimation based on RSRP measured over CSI-RS and CRS, showing that the accuracy of RSRP measurements over CSI-RS closely matches the accuracy of RSRP measurements based on CRS. Then we analyze with system-level simulations how the agreed solution for uplink CoMP PUCCH/PUSCH power control affects the system. For PUCCH, our results indicate that larger deviation of received SINR and more severe near-far problems between the PUCCH UEs are introduced for scenario 4 which significantly deteriorate both coverage and capacity of PUCCH. For PUSCH, our results show that reusing the Rel-10 PUSCH power control in CoMP scenario 4 leads to significant throughput loss for cell-edge UEs compared to Rel-10 HetNet, thus representing a step back in LTE Rel-11 design compared to previous releases. Therefore, further discussion on PUCCH/PUSCH power control is recommended.  
2 Accuracy of RSRP measurements over CSI-RS

Simulations are carried out to evaluate the reliability of RSRP measurements over CSI-RS. In the simulations, CSI-RS periodicity is assumed to be 5 ms and the central 6 PRBs are used for measurements. Typical channel models, such as AWGN, EPA5 and ETU70, are used for evaluations. Fig. 1- Fig. 3 below show the simulation results under different assumptions of channel models. For each channel model, RSRP measurements are performed under different assumptions of SINR levels. For each method, CDF curves of the difference between the measured RSRP and the ideal RSRP are shown for both CSI-RS and CRS based measurements. Detailed simulation assumptions and further results can be found in [4].
CRS based measurements are slightly better than CSI-RS based measurements. Nevertheless, the difference is marginal, especially at high SINR. The different assumptions of channel models and velocities have limited impact on the difference. These simulations did not account for the lack of measurements in DRX. CSI-RS may be more affected in cases where there is no CSI-RS in the first subframe when the UE comes out of DRX. In other cases, the impact of DRX would be similar for measurements on CRS or CSI-RS. Moreover, changes in path loss should be slow compared to DRX for CoMP UEs, so the previous measurement would in general still be valid when the UE comes out of DRX.
Observation 1: CSI-RS based RSRP measurements show similar performance as CRS based RSRP measurements.
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Fig. 1 Performance of CSI-RS based RSRP measurements and CRS based RSRP measurements (AWGN)
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Fig. 2 Performance of CSI-RS based RSRP measurements and CRS based RSRP measurements (EPA5)
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Fig. 3 Performance of CSI-RS based RSRP measurements and CRS based RSRP measurements (ETU70)
3 Issues with PUCCH power control
Unlike PUSCH, the performance requirement for PUCCH is more stringent as it directly affects the downlink operation. Nonetheless, not a single contribution submitted to the CoMP WI in Rel-11 has included results for PUCCH power control nor PUCCH power control has been discussed online, leaving open the question of whether the RAN1#68 decision of not enhancing PUCCH power control for UL CoMP in LTE Rel-11 may have been taken too hastily. In what follows, we analyze the impact of the RAN1#68 decision on the PUCCH performance considering two aspects: PUCCH coverage and capacity. 
3.1 Impact of inter-cell interference on PUCCH coverage 

We first demonstrate the relation between PUCCH power control and PUCCH coverage in CoMP scenario 4 through system level simulation. Due to the overestimation of the path loss, PUCCH is transmitted at an excessive higher power, thus causing severe interference to users in neighbouring cells. To analyze the impact of this interference, we model the inter-cell interference with a cross-correlation coefficient that captures the average correlation between different base sequences. The detailed simulation assumptions can be found in the appendix A. In the simulation, we assume each RP serves three users and joint reception of PUCCH is not considered. Fig. 4 illustrates the PUCCH SNR distribution obtained from the simulation.
The target SNR for PUCCH detection is -4.6 dB [2]. When the path loss is compensated perfectly, nearly 96% users can detect the PUCCH correctly.  However, if the Rel-10 CRS-based path loss measurement is used, 11% users can not satisfy the detection requirement. This is because cell-edge users suffer strong interference from neighbouring cells. As a result, the PUCCH coverage is degraded.

Observation 2: Reusing Rel-10 PUCCH power control in CoMP degrades the PUCCH coverage
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Fig. 4 SNR distribution of PUCCH
3.2 Impact of intra-cell interference on PUCCH capacity 

We next investigate the impact of Rel-10 PUCCH power control on the CoMP PUCCH capacity. Within a cell, PUCCHs are orthogonally multiplexed by applying different cyclic shifts to the same base sequence. The orthogonality, however, is affected by the received power spectral density (Rx PSD), which, in LTE Rel-10, is maintained at the same level for different multiplexed users by the PUCCH power control. 
With CoMP operation, however, the inaccurate uplink path loss estimation of Rel-10 PUCCH power control can make the Rx PSD vary significantly among users. To verify this conjecture, we evaluate the Rx PSD variation in scenario 4 assuming CRS-based UL path loss measurements and show how this variation affects the PUCCH multiplexing capability. The simulation assumptions can be found in Appendix B.
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Fig. 5. Distribution of the PUCCH Rx PSD difference with CRS-based path loss measurement.
Although a PRB can in theory accommodate up to 18 users, we assume 6 users are multiplexed in the same PRB with a cyclic shift spacing of 2. The baseline is when 6 users have the same Rx PSD at the reception point. Fig. 5 shows the distribution of the Rx PSD difference among the multiplexed users, with nearly 40% RPs having a Rx PSD gap larger than 3dB, and 25% RPs having a Rx PSD gap even larger than 6dB. 
In Fig. 6, we analyze whether these users can still be detected correctly despite the difference in Rx PSD.  In particular, if the victim user is 3dB lower than the other multiplexed users, we can see 3dB performance loss. When the Rx PSD gap between users reaches 6dB, the user with the lowest power cannot even satisfy the detection requirement. This implies that 6 users can not be multiplexed within the PRB any more.  
Observation 3: If Rel-10 PUCCH power control is used, the PUCCH capacity suffers significantly.
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Fig. 6 BER performance of worst user out of 6 multiplexed users.
The inaccurate CRS-based path loss estimation of Rel-10 procedures has a severe negative impact on both PUCCH coverage and capacity. For CoMP operation, the Rel-10 PUCCH power control cannot fulfil its original scope, i.e. ensuring the similar Rx PSD of multiplexed PUCCHs, and the resulting PUCCH performance loss will impact the DL performance and the system efficiency. Therefore we suggest:
Proposal 1: PUCCH power control enhancement is worth further study, and the PUCCH/PUSCH power control discussion should be re-opened.
4 Issues with PUSCH power control
In this section we analyze the impact of the 3GPP RAN1#68 agreement on the PUSCH throughput for CoMP scenario 4 considering the simulation assumption in Appendix C. 
We evaluate the PUSCH throughput performance for CoMP scenario 4 considering two power control schemes: a) Rel-10 power control and path loss estimation according to the agreement reached in RAN1#68; and b) an enhanced power control scheme from [3] where the uplink CoMP path loss is a virtual metric of the individual path loss to each of the reception points. For a given network deployment of eNBs, RRHs and UEs, we consider LTE Rel-10 HetNet (no-CoMP operation) as baseline for comparison. Tables 1 and 2 show system level simulation for CoMP scenario 4 in configurations 1 and 4b, respectively. The analysis shows that a proper PUSCH power control is crucial for the throughput of cell-edge UEs. Specifically, reusing LTE Rel-10 PUSCH power control in uplink CoMP leads to a throughput loss of about 1.6%-5.3% compared to the same network deployment configured as HetNet LTE Rel-10, and to a throughput loss ranging between 36.5%-38.7% compared to an enhanced CoMP uplink power control. 

	
	HetNet Rel-10
	Enhanced CoMP uplink PC
	CoMP with LTE Rel-10 PUSCH PC

	
	Spectral effic. (bps/Hz)
	Spectral eff. (bps/Hz)
	Gain over HetNet Rel-10
	Spectral eff. (bps/Hz)
	Gain over HetNet Rel-10
	Gain over enhanced PUSCH

	Cell-average
	8.6610
	10.4928
	21.15%
	10.0196
	15.69%
	-4.51%

	Cell-edge
	0.0337
	0.0521
	54.60%
	0.0319
	-5.34%
	-38.77%


Table 1. PUSCH throughput for CoMP scenario 4 in configuration 1 with 1x2 vpol antenna.

	
	HetNet Rel-10
	Enhanced CoMP uplink PC
	CoMP with LTE Rel-10 PUSCH PC

	
	Spectral eff. (bps/Hz)
	Spectral eff. (bps/Hz)
	Gain over HetNet Rel-10
	Spectral eff. (bps/Hz)
	Gain over HetNet Rel-10
	Gain over enhanced PUSCH

	Cell-average
	9.5437
	12.5637
	31.64%
	13.2465
	38.80%
	5.43%


Table 2. PUSCH throughput for CoMP scenario 4 in configuration 4b with 1x2 vpol antenna.

	Cell-edge
	0.0420
	0.0646
	53.81%
	0.0413
	-1.67%
	-36.51%


5 Conclusions
This paper discusses issues related to path loss estimation for power control in CoMP in relation to the discussions on SRS power control enhancements and the recent agreement that PUCCH/PUSCH power control shall not be enhanced for uplink CoMP in LTE Rel-11. It is first shown that the accuracy of RSRP measurements over CRS or CSI-RS is very similar, so CSI-RS offer as good a reference for path loss estimation as CRS used in legacy systems.
We then use system-level simulations to evaluate the impact of the agreed power control for UL CoMP in scenario 4. For PUCCH, our results indicate that larger deviation of received SNR determine significant PUCCH coverage loss. Furthermore, more severe near-far problems between the PUCCH UEs are introduced for scenario 4 which, in turn, reduce the PUCCH capacity. For PUSCH, our results show that reusing the Rel-10 PUSCH power control in CoMP scenario 4 leads to significant throughput losses for cell-edge UEs compared to Rel-10 HetNet. Therefore the current agreement on PUSCH power control represents a step back compared to previous LTE releases and we propose that:

Proposal: PUCCH power control enhancement is worth further study, and the PUCCH/PUSCH power control discussion should be re-opened. 
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Appendix A
	Parameter
	Assumption

	Cellular layout
	Macro cell: 46 dBm TX power, 19x3 homogeneous network, 10MHZ Bandwidth;
LPN: Outdoor Pico, 30dBm TX power, omni antenna, 4 Pico per Macro cell
UE: Configuration 1

	Scenario
	CoMP scenario 4

	Antenna configuration
	Macro cell: 1Tx2Rx 3 sector
Pico cell: 1Tx2Rx omni
UE: 1Tx2Rx, omni

	PUCCH Uplink Power control
	Open loop power control according to [1],
Pico UE P0_pucch  = Macro UE P0_pucch = -89

	PUCCH multiplexed UE number
	3

	PUCCH format
	Format 1A

	SINR requirement for format 1A
	-4.6dB

	Cross Correlation factor between different CAZAC sequences 
	0.26

	UE antenna gain
	0 dBi

	Penetration Loss
	20 dB

	eNB Antenna pattern
	horizontal
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Case1: 
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	Path loss model
	PLLOS(R)= 103.4+24.2log10(R)

PLNLOS(R)= 131.1+42.8log10(R)
R in km
Case1: Prob(R) = min(0.018/R,1) *  (1-exp(-R/0.063)) + exp(-R/0.063)

Case 3: Prob(R) = exp(-(R-0.01)/0.2)

	Shadowing Standard Deviation
	8 dB


Appendix B:
	TTI
	1ms

	Intra-TTI frequency hopping
	no

	Symbols / Slot
	7

	System bandwidth
	5MHz

	RB number of PUCCH
	1RB

	Channel
	TU

	Velocity
	3km/h 

	Channel estimation
	Real channel estimation

	Detection
	Two-state 

	PUCCH format
	1a

	Power setting
	0dB
-6dB

	Number of multiplexing UEs
	6


Appendix C:
	Parameter 
	Assumption 

	Deployment scenarios 
	 1 cell with 4 low-power nodes 

	Maximal UE TX power 
	24 dBm 

	Placing of UE
	Config 1 or 4b

	Duplex mode 
	FDD 

	System bandwidth 
	10 MHz 

	Transmission schemes 
	Joint reception 

	Number of antennas at cooperative point 
	2 for both Macro and LPN 

	Number of antennas at UE 
	1 Tx 

	Antenna configuration 
	Co-polar 

	Channel estimation 
	Ideal / SRS error (Rel-10 SRS)

	UE receiver 
	MMSE 

	Traffic model 
	Full buffer 

	UL power control 
	For Rel-10 HetNet 

Marco: P0 = -57, α = 0.6
LPN: P0 = -82, α = 0.9
For CoMP

       Marco and LPN: P0 = -57, α = 0.6
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