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1. Introduction
In RAN1#47bis, it was agreed that EUTRA would support a baseline slow rate UL Power Control, consisting of an open loop method, and a possible slow corrective component. In addition, it was also agreed that “classic” slow rate open-loop power control, inside the serving cell, is insufficient to meet the high-end EUTRA requirements. In this document we discuss possible further options and implications of such EUTRA slow power control mechanism.   

2. Some Implications of the Slow Power Control Mechanism

Slow power control operates on long-term fading characteristics of the channel: log-normal shadowing, propagation loss, and the antenna pattern. Furthermore, since long-term fading characteristics of the channel are identical in the uplink and downlink [channel reciprocity], performances of “perfect” classic slow open-loop and “perfect” classic slow closed-loop power control mechanisms are identical. Consequently, a few important implications of the choice of “slow” power control mechanism are as follows:   

1) The primary purpose of a potential corrective closed – loop component is: to correct for open – loop inaccuracies. Nevertheless, since the full impact and the amount of “open-loop inaccuracies” are still not well studied, the purpose and utility of the corrective closed – loop component remains questionable. It should be noted that some initial studies report no severe impacts of open-loop inaccuracies onto the system throughput [11,12,23], as of yet.

2) Another possible purpose of the corrective closed – loop component is to implement backhaul-based inter-cell PC option. The first issue identified in RAN1 relates to the backhaul delay [21]. Moreover, if the inter-cell PC adjustments are implemented on a per UE basis through e.g. the L1/L2 control channel, the overhead of closed – loop corrections can be substantially bigger than the overhead of broadcasting tolerable interference levels [5]. If the inter-cell PC information is used by the serving cell to adjust the parameters of the intra-cell PC, the scheme applies globally to all the UEs in the cell and does not benefit from the granularity of a UE-specific inter-cell PC.     
3) Inter-cell power control should be applied to meet the high-end targets of EUTRA. Since EUTRA is an orthogonal system, most of the interference comes from out-of-cell. Thus, inter-cell power control should be studied as a mechanism to control this interference. Indeed, the higher end LTE targets can only be reached when inter-cell power control mechanisms are deployed. To support inter-cell power control, either a) the UE should monitor and control the amount of interference that it generates to non-serving cells, or b) the serving cell should monitor the amount of interference that UE generates to adjacent cells. In option a), the inter-cell power control is implemented in the UE, who gets the interference information received/measured “on the air” from the neighbouring cells. In option b), the inter-cell power control is implemented in the NodeB, who gets the interference information from the backhaul, as described above. 
4) Despite Option a) is more attractive from latency and overhead viewpoint, if closed-loop corrections are to be applied by the serving cell, the latter needs be made aware of the autonomous power adjustments of the UE, thus overhead increases. As a result, closed-loop correction of open-loop inaccuracies, if required, should be supported at a very low rate, e.g. to compensate for hardware impairments long term variations.   

3. Power Control Methods
3.1. Classic Target SINR Based Power Control

Target SINR based power control can be performed by the mobile, or by the NodeB UE-specific commands. 
In case that the mobile performs target SINR based power control, each cell can broadcast “Target_SINR,” “Interference_Level” and the “NodeB_Tx_Power.” Each mobile estimates propagation gain as Path_Gain = RS_RSSI – NodeB_Tx_Power, and performs transmit power settings as Tx_Power_UE = Target_SINR + Interference_Level - Path_Gain. Alternatively, cell can broadcast the single parameter: Common_Power_Baseline as Target_SINR + Interference_Level + NodeB_Tx_Power, and the mobile simply performs Tx_Power_UE = Common_Power_Baseline – RS_RSSI. 

When Target SINR based power control is performed by the NodeB, the NodeB performs measurement of the uplink received signal, and sends corrective commands. Either way, in presence of perfect measurements, slow [path-loss based] Target SNR based power control has a fixed performance, whether it is performed by the mobile, or by the NodeB specific commands. Consequently, since classic open-loop, based only on serving cell, can’t satisfy the EUTRA requirements, this also means that classic closed-loop, based only on serving cell, can’t satisfy EUTRA requirements either. In addition, it should be noted that UE-specific power control commands incur much more overhead when compared to broadcasting a single parameter.
3.2. Classic Fractional Power Control
Similar to Target SINR – based power control, classic fractional power control [FPC] can also be implemented by the mobile [original description of FPC], or by the NodeB [with corrective components]. In either case, the mobile is required to report path – loss to the serving cell, which may incur significant overhead, especially since 100s of UEs can be required to be in the scheduler range. In case that FPC is implemented by the mobile, the NodeB broadcasts required power control parameters. In case that FPC is implemented by the NodeB, the UE – specific commands can be sent to the mobile. In case that UE – specific commands are sent to the mobile, the NodeB computes target signal level for each UE, based on reported propagation losses. Then, NodeB compares measured signal to the target [per-UE basis], and sends corrective action. Similar to Target – SINR based power control, UE-specific power control commands require much more overhead when compared to broadcasting a single parameter. It should be noted that gains of FPC are not for free, and that FPC allows system designers to improve cell – average throughput while simultaneously penalizing cell – edge throughput [6]. Inter-cell power control can be added on top of intra-cell FPC in the form of either option a) or b) listed in Section 2. For option b), the FPC parameters are adjusted based on neighbouring cells information received through the backhaul. FPC enhancement with option a) is addressed in Section 3.3.
3.3. Improved Fractional Power Control
Improved FPC [12,22] allows a simultaneous increase in cell-edge and cell-average throughputs, when compared to FPC. It should be noted that the improved FPC requires path – loss estimation to the adjacent cells, which allows an effective control of interference therein. In this regard, the improved FPC is a version of inter-cell power control. Improved FPC is implemented by the UE and requires identical signalling overhead as the FPC, but it requires UE to estimate path – loss to adjacent cells. Overall, the improved FPC doesn’t require “closed – loop corrections” [thus, overhead is minimal], and it (improved FPC) provides kinds of throughputs which are required for achieving high-end EUTRA targets.   
3.4. Load – Indicator Based Power Control

Load indicator based power control [9] is also a form of inter – cell power control, but used in a corrective mode. With load – indicator based power control, there is no single entity which decides on the power settings of a mobile. Rather, both the serving cell and non-serving cells participate in power settings for the mobile, while at the end mobile combines commands from the serving cell and non-serving cells. The serving cell controls some baseline channel [like CQICH or sounding], while non – serving cell controls the PSD offset from this baseline channel to the PUSCH. Thus, with load – indicator based power control, information from non – serving cells is required as well. One of the drawbacks of the “load indicator” approach is that one bit may be insufficient to address the levels of interference that can be present in adjacent cells. Second, the load indicator treats all adjacent mobiles in the same manner, which does not provide an accurate per-UE based interference control. However, the “weighted” load indicator tries to correct for this, and adjust the load indicator in accordance to path loss difference between serving and non-serving cells. It should be noted that performance of the load indicator approach is reported to be comparable to the [network-based approach] FPC [24].  
3.5. Bi – Modal Power Control  
With Bi-Modal power control, a UE runs two power control mechanisms: one which maintains 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. Similar to all other inter – cell power control mechanisms [5,9,11,12], the Bi – modal power control mandates reading and estimating parameters from non – serving cells. In addition, similar to the load indicator approach [9], the Bi – modal power control also requires broadcasting of the desired power gap between serving and non – serving mobiles. The Bi – Modal power control is implemented autonomously by the UE. Alternately, it can support slow rate corrections from the serving cell as follows: the NodeB requests the UE to report its current target SINR (which may differ from the intra-cell baseline open loop Target SINR due to inter-cell power control adjustments) and the NodeB measures on the received signal the SINR error. Then, corrective actions can be undertaken by the serving NodeB. However, as these corrective actions require more overhead, they ought to be avoided and autonomous power settings by the UE should be emphasized whenever possible. Another option that avoids any reporting from the UE consists in not applying inter-cell PC adjustments to the sounding reference signal (SRS): the SRS is used for closed-loop corrections and the UE only applies intra-cell PC to the SRS. Thus, the SRS always targets the serving cell TSINR, and the serving cell can easily control any OLPC error.
The Bi – Modal power control reports highest achieved spectral efficiencies thus far [5].     
4. Conclusion

As shown by a number of companies, inter-cell power control is essential to meet the high end EUTRA uplink performance requirements, and thus optimize the system throughput. Since EUTRA uplink is an orthogonal system, inter-cell power control should emphasize differentiating cell – interior and cell – edge UEs. In other words, the transmit power of cell – interior UEs can be increased by a proper amount as long as they do not create excessive interference in neighboring cells.

All proposed inter-cell power control methods require measurements/information from the non-serving cells, which can be achieved either by the “on the air” option or by the “backhaul communication” option. From the signaling overhead and delay perspective, the “on the air” option is more preferable.

The necessity and purpose of the closed loop UE power transmit correction should be justified before substantial signaling overhead is incurred in support of the closed loop power control component. Thus, it is a common design goal to implement the closed loop correction only if necessary, and at a slow rate.     
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