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Introduction

In multiple access systems, the uplink capacity depends on the number of transmit and receive antennas, multi-path, intra-cell interference and inter-cell interference. When the intra-cell interference is relatively small by design (OFDMA, SC-FDMA) and/or through advanced receiver techniques (interference cancellation based CDMA, FDE based SC-FDMA), control of the inter-cell interference is critical; this can be achieved by scheduling and power control. This document describes a power control algorithm that is used for the uplink network simulations described in [1]. Throughout this document, analogies to EUL power and load control mechanism are drawn to illustrate the differences and similarly of CDMA and orthogonal multiple access power control.
Up-link Power Control Algorithm for CQI Channels
In the orthogonal multiple access system described in [1], the channel quality indicator (CQI) channel serves as a reference power (power spectrum density) level for UL traffic transmission. Since there is not necessarily a dedicated pilot channel on UL in an orthogonal multiple access system, the use of control channel as reference power level is necessary.
A closed loop power control algorithm has been designed for the CQI channel, which is periodically transmitted on the up link to covey a limited number of information bits in each codeword (4 bits in [1]) regarding down link channel quality. When the CQI from a UE is received by cells in the UE’s active set, each cell sends a one bit erasure indication to indicate whether the CQI has passed the erasure decoding or not. Note that only the erasure indication from the serving cell is interpreted as up/down power control command by the UE. When the UE receives an erasure indication from the serving cell, it reduces the CQI channel PSD by “StepSizeDown”; otherwise, it increases the PSD by “StepSizeUP”. The up and down step sizes are determined by the target erasure rate and could be broadcasted periodically.
The advantages of this approach compared to inner-outer loop power control algorithm are as following:

· The outer loop update might be too slow when the channel is changing fast.
· Since, each cell in an ATs active set sends erasure indicators to the AT, these commands may be used to assess the quality of the physical channel from a UE to different cells in the active set. This information is useful for ``handoff’’ decision, i.e., the erasure indication information may be used to for best UL serving cell selection.
Up-link Power Control Algorithm for Traffic Channels

In this section, the design criteria of power control algorithms for orthogonal multiple access traffic channel is analyzed. Close attention has been paid to investigate the possibility of reusing some of the existing EUL load control mechanism. 
When using a MF receiver in a CDMA system, intra-cell interference could dominate the overall interference on the uplink. Assuming that a serving cell will not schedule a UE to transmit at a power high enough to cause intra-cell instability, the out-of-cell interference caused by this UE is often limited. Effective interference control could be achieved through intra-cell interference management at the serving cell (relative or absolute grants in EUL) and secondary inter-cell interference control at the UE (load indicator in EUL).
In an isolated ideal orthogonal multiple access system, it is desirable from the capacity perspective to let UE transmit at the highest possible PSD on each tone (subject to packet format limitation) since there is no intra-cell interference. In a practical multi-cell layout, however, high inter-cell interference could drastically reduce the network capacity. 
In an orthogonal multiple access system, the serving cell lacks information regarding the inter-cell interference caused by UL traffic originated from this cell. As a result, it is more desirable to move the PSD control to UE where the interference information is readily available through load indication mechanism. Similar to the EUL load indication mechanism, a one bit load indication could be broadcasted from each cell when the average interference over thermal level exceeds a target threshold. 
In the following table, we compare the power control mechanism for an orthogonal multiple access system with the baseline EUL load control mechanism.
	
	EUL 
	Orthogonal Multiple Access

	Serving Cell
	Absolute grant includes time and rate/power assignment. Relative grant to modify assignment.
	Grant includes time and frequency assignment.

	Non serving Cell
	Relative grant containing one bit load indication if RoT and/or intra-cell/inter-cell PSD ratio exceeds threshold.
	One bit load indication if IoT (inter-cell plus thermal PSD over thermal PSD) exceeds threshold.

	UE
	OR of downs combing of load indicators from cells in active set to modify the rate/power indicated in the grant message from the serving cell.
	Running a state machine of PSD to be transmitted with following input: current load indications from all decodable cells, long-term channel gain differences among serving and interfering cells, and previous PSD state.


Table 1

Comparison of EUL Load Control and xFDMA power control
Power Control Algorithm Description
The amount of inter-cell interference per-tone caused by a given UE is determined by the transmit power level used by that UE and the location of the UE relative to the neighbor cells.  For the traffic channels, power control may be performed such that each UE is allowed to transmit at a power level that is as high as possible while keeping intra-cell and inter-cell interference to within acceptable levels.  
A UE located closer to its serving cell may be allowed to transmit at a higher PSD level since this UE will likely cause less interference to neighbor cells.  Conversely, a UE located farther away from its serving cell and toward a cell edge may be restricted transmit at a lower power level since this UE may cause more interference to neighbor cells.  Controlling transmit power in this manner can potentially reduce the total interference observed by each cell while allowing “qualified” UEs to achieve higher SNRs and thus higher data rates.  

The transmit Power Spectral Density (PSD) for a traffic channel for a given UE may be expressed as:
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 is the transmit PSD for the traffic channel for update interval n;
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The PSD levels 
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 are given in units of decibels (dB/Hz). The power control algorithm described in this document will be called Delta-based power control because of the transmit power delta 
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The reference PSD level is the amount of transmitted PSD needed to achieve a target SNR for a designated transmission, which is provided by the UL CQI channel.  
If the reference power level can achieve the target SNR, then the received SNR for the traffic channel may be estimated as:
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The transmit PSD for the traffic channel is set based on (1) the amount of inter-cell interference the UE may be causing to other UEs in neighbor cells, (2) the amount of intra-cell interference the UE may be causing to other UEs in the same cell, (3) the maximum power level allowed for the UE.  

Although the traffic channels for each cell are multiplexed such that they are orthogonal to one another, some loss in orthogonality may result from inter-carrier interference (ICI), inter-symbol interference (ISI), and so on.  This loss of orthogonality causes intra-cell interference.  To mitigate intra-cell interference, the transmit PSD of each UE may be controlled such that the amount of intra-cell interference that this UE may cause to other UEs in the same cell is maintained within an acceptable level.  This may be achieved, for example, by constraining the transmit PSD delta,
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 is the minimum/maximum transmit PSD delta allowable for a traffic channel.  In [1], 
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Each cell can estimate the total or average amount of interference observed by that cell.  Each cell broadcasts its interference measurements for use by UEs in other cells.  For simplicity, the following description assumes the use of a single load indicator bit to provide interference information.  Each cell may set its load indicator bit (LIB) as follows: 
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 is the measured IOT for cell m in time interval n; and
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 is the desired operating point for the cell. Here IOT refers to the interference-over-thermal , which is a ratio of the total interference power observed by the cell to the thermal noise power. A specific operating point may be selected for the system and denoted as
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 can be obtained by filtering the instant IOT in time. 

Each UE can estimate the channel gain (or propagation path gain) for each cell that may be interfered by the UE.  For a user, the channel gain ratio between the serving cell and a neighbor cell may be viewed as a “relative distance” that is indicative of the distance to a neighbor cell relative to the distance to the serving cell. 
Each UE monitors the load indicator bits broadcast by neighbor cells and only responds to the load indicator bit of the strongest neighbor cell, which has the smallest channel gain ratio to the neighbor cells. If the load indicator bit of a given cell is set to ‘1’ (due to the cell observing higher than nominal inter-cell interference), then the transmit powers of UEs having this cell as their strongest neighbor cell may be adjusted downward.  Conversely, if the load indicator bit is set to ‘0’, then the transmit powers of UEs having this cell as their strongest neighbor cell may be adjusted upward.  

The load indicator bit thus determines the direction in which to adjust the transmit power.  The amount of transmit power adjustment for each UE may be dependent on the current transmit power level (or the current transmit power delta) of the UE and the channel gain ratio for the strongest neighbor cell.  
The UE sends the transmit PSD delta and the maximum number of subcarriers that the UE can support at the current transmit PSD delta via REQ channel or in-band signaling. Notice that a UE having a low transmit PSD delta does not mean that it is not using all the resources. The UE might be given more frequency tones to transmit to use all its transmit power. 
Summary
Issues in power control design for up link channels in an orthogonal multiple access system have been discussed and compared to the EUL UL load control design. The UL control and traffic power control algorithms used in [1] are described in this document. 
The UL CQI channel is used as a reference power level for traffic channel power control. The transmit power of the CQI channels is controlled via DL TPC command based on the erasures detected by the serving cell. For traffic channel inter-cell interference control, a delta-based power control algorithm using load indicators from neighboring cells was described, where the load indication is triggered by IOT measurements. From a Node‑B’s perspective, this is similar to EUL.
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