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Uplink Power Control Design - Considerations and Mechanism
Dong-Cheol Kim, Jin Sam Kwak, Young-Hyoun Kwon,

 Sungho Moon, and Wookbong Lee
LG Electronics
1. Introduction
In the reference system [3], the uplink power control (UL PC) consists of two different modes with closed- and open-loop operations as mandatory and optional features, respectively. The MSs shall then be operated by the legacy UL PC mode change between CL-PC and OL-PC according to their channel quality. However, the legacy power control mechanism in uplink is not efficient for enhancing the system throughput by considering the trade-off between the overall spectral efficiency and the cell edge performance. In this contribution, in order to design the uplink power control for IEEE 802.16m, we address some discussion points and propose a high-level UL PC mechanism by considering several key aspects and their impacts on the 802.16m system performance in terms of interference-level control, pathloss compensation, multi-user MIMO operation, control/data transmission, interference management including FFR operation, etc.
2. Consideration Points on Uplink Power Control design
In this section, the generic description on the key aspects, considerations, and features for 802.16m uplink power control design including interference control extending MIMO operation, full/fractional pathloss compensation, the concept of separate power control between data and control channels, the combined OL- and CL-PC mechanism, and the FFR operation support, etc.
2.1. Intra/Inter-Cell Power Control 
In a multi-cell system using frequency reuse factor, however, if MSs are transmitting at maximum power level, then a significant amount of interference is generated at neighboring cells/sectors that limits both cell-edge throughput as well as system capacity. To some extent, therefore, the inter-cell interference is quite essential to be controlled additionally with the intra-cell power control method by adjusting the parameter sent from serving or non-serving BS in the 802.16m. Table I shows the simulation assumption in order to compare the system performance using the intra- or inter-cell power control method as shown in Table II. The details of the parameters are given in the Annex. As summarized in the Table II, in order to get the comparable cell-edge user throughput to the requirements in the 802.16m SRD [1], the inter-cell power control considering inter-cell interference is necessary without significant degradation of the system throughput. 
Table I. intra-cell vs. inter-cell power control simulation assumptions
	Frequency reuse
	1

	Cell deployment
	3 sectors/cell and 19 cell wrap-around

	The number of User
	10/sector

	Power control
	Open-loop power control + Offset_ICI

	The number of strong interference
	10

	Channel model
	ITU Ped B 3km/h

	Permutation mode
	Distributed mode

	Site-to-Site distance
	1500m


Table II. Intra vs. Inter cell power control
	
	Intra-cell
	Inter-cell
	Gain

	Sector throughput
	2.30 Mbps
(0.623bps/Hz)
	2.272Mbps
(0.614bps/Hz)
	-1.59%

	5% tile user throughput
	64.21 kbps
(0.0173 bps/Hz)
	75.6kbps
(0.0204bps/Hz)
	17.74%

	IoT
	Mean
	5.51
	5.09
	-7.62%

	
	Std.
	1.53
	0.95
	-37.90%


As described in [3], on the other hand, the legacy power control mechanism has been based on the single user transmission per allocated resource units. In order to extend the UL PC operation into the multi-user support, it is required to consider the interference level control at the allocated resource units in the multi-user transmission. Table III shows the impact of inter-cell interference between single- and multi-user transmission on the system and cell-edge user throughput. In the case of CSM, we assumed that two users are transmitted in same allocated resource(s) at the same time. It is shown that the increased IoT level in the CSM causes the significant decrease of the cell-edge user throughput. This implies that the single-user UL PC should be modified and updated the multi-user operation, e.g., simply power scaling factor, in order to effectively control the inter-cell interference level.
Table III. Throughput/IoT Level Comparison Between SU-MIMO and MU-MIMO
	
	SIMO
	CSM w/o power scaling
	CSM with power scaling

	System throughput
	2.5752 Mbps
(0.70 bps/Hz)
	2.24 Mbps
(0.602 bps/Hz)
	2.9231 Mbps

(0.79 bps/Hz)

	5% tile user throughput
	57.79 kbps
(0.0156 bps/Hz)
	51.71 kbps
(0.0140 bps/Hz)
	64.43kbps
(0.0174 bps/Hz)

	IoT level
	Mean
	5.959
	6.3417
	5.9195

	
	Std.
	0.6836
	0.7505
	0.5401


2.2. Full or fractional path loss compensation
According the IEEE 802.16m SRD [1], the enhanced cell-edge user throughput shall be supported in the 802.16m while maintaining the comparable/enhanced system throughput. In order to maximize the spectral efficiency even in the cell-edge users, compared with full pathloss compensation in the reference system, the fractional pathloss compensation is useful to support the affordable IoT level as well as to increase the cell-edge user throughput. Figure 1 shows the CDFs of the average SINR distribution, IoT level, and throughput with various pathloss compensation factors. Table IV summarizes the average system throughput and cell-edge user throughput with full (α=1) and fractional (α=0.8) pathloss compensation. In the simulation results, based on the 802.16m evaluation methodology [2], the simple open-loop power control with target SINR and BS specific offset from BS in the frequency reuse-1 environment is assumed. As shown in the figure 1 and table IV, the fractional pathloss compensation is beneficial to decrease the IoT level of the neighboring cells and increase the cell-edge user throughput with comparable the overall system throughput.   
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(a) SINR Distribution
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(c) System Throughput

Figure 1. CDFs of received SINR distribution, IoT level, throughput with full/fractional pathloss compensation 

Table IV. Throughput/IoT level comparison between fractional vs. full pathloss compensation

	Pathloss Compensation
	Full (α=1)
	Fractional (α=0.8)

	System throughput
	0.674 bps/Hz
	0.589 bps/Hz

	5% tile user throughput
	6.776kbps 

(0.0018 bps/Hz)
	19.8kpbs

(0.0053 bps/Hz)

	IoT level
	Mean
	15.4466
	6.9727

	
	Std
	3.2831
	1.5032


With FFR mode operation, however, the fractional factor for pathloss compensation may not be necessary for the cell-edge users due to the frequency reuse in the neighbor cells/sectors. For example, the FFR zone with frequency reuse factor of 3 can be allowed to use full pathloss compensation for maximizing the cell-edge user throughput. This implies that since the different FFR zones may suffer the inherently different level of inter-cell interference, using the common fractional factor could not be effective to increase the cell-edge user throughput with the interference management scheme. Therefore, it is desirable that the full fractional pathloss compensation is adopted in the uplink power control in the FFR operation and the fractional/full pathloss compensation is FFS in the 802.16m.
2.3. Separate power control between control and data channels
In the uplink, MS should transmit control information via dedicated control channels such as CQI, ACK/NACK, PMI, and DL measurements for feedback information, etc. The reliability of the control channels directly affects the entire system performance and the adjustment of the uplink power level for control channels is important to meet the strictly required QoS target and coverage since the UL control data does not get the benefits of HARQ operation and link adaptation. Therefore, the uplink power control between data and control channels should be separately operated with different power correction parameters while considering the maximum allowable UL transmit power for transmitting the data and control at the same time. In addition, since data and control resource can be allocated in the different FFR zones, it is necessary to apply the UL power control with the different ICI control between data and control channels.
2.4. Open-loop or Closed-loop power control
The open-loop power control can compensate the long-term channel variations in an effective way, for instance, without the history of the transmit power, but it typically suffers from errors in path-loss measurement and transmit power setting. This implies that significant power margins could be necessary to be applied in order to meet the strict QoS requirements in UL data and control transmission. Large power margins can be translated as the extra transmit power, which is detrimental to both terminal battery life as well as system performance in the form of generating excess other cell interference. However, the merit of OLPC is no need for explicit DL signaling.
On the other hand, a closed-loop power control mechanism can tightly control the received SINR, which implies much smaller power margins are necessary, with increased overhead. Table V summarizes the pros and cons between CL- and OL-power controls. In the 802.16m uplink power control, therefore, it is desirable to support the tight power control with the reasonable power margin and overhead, e.g., the uplink power control can be based on the OL-PC for compensating the long-term channel variations with partial closed-loop operation with small power margin and signaling overhead. The details are described in Section 3. 
Table V. Pros and Cons of CL- and OL-Power Control Operation
	
	OL-PC
	CL-PC

	Pros
	∙ No need for explicit DL signaling, 
∙ Effective way without the history of the uplink transmit power
	∙ Tight control of received SINR 
∙ Minimized transmit power for desired QoS

	Cons
	∙ Necessity of significant power margins
	∙ Necessity of explicit DL signaling per MS

∙ Increased signal overhead


2.5. Power control with FFR mode
According to the IEEE 802.16m SRD [1], the fractional frequency reuse method for interference management should be considered. In general, there are a couple of FFR modes, i.e., hard or soft FFR with static, semi-static, and dynamic operation. The details on the interference management and FFR concept for the 802.16m are shown in [4] and reference therein. Figure 2 illustrates the simple FFR concept with different maximum PSDs in the separate zones. It is well-known that the hard FFR mode can effectively decrease the interference level in the frequency reuse zones, whereas the overall spectral efficiency may be decreased due to the inactive (un-utilized) region in the frequency reuse zone. On the other hand, the soft FFR mode can use/utilize the inactive region for enhancing the resource utilization and throughput, but the inactive region in the freq. reuse zone should be restricted with a tight control of the interference in order not to affect the active region in the FFR zone at the neighboring cells or vice versa. To this end, it may be necessary to control the transmission power level for users in the inactive region by limiting the maximum PSD per the allocated resource with a tight ICI control. 

In addition, since the active or inactive FFR zones in the physical channels including data and control channels suffers the different ICI level and user multiplexing rate per basic resource unit, the transmission power level for these channels should be determined by using separate parameters in terms of the FFR zone-specific offsets or interference measurements, etc. 
 In order to get a high spectral efficiency and use the FFR scheme effectively, active and inactive FFR resource within FFR regions should be used the different power control methods. Especially, spectral efficiency of the entire system can be achieved by using the inactive part of FFR region effectively.
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Figure 2. An illustration of the FFR concept with transmit power level.
2.6. Summary

Table VI shows a summary of the key aspects in the uplink power control design and also addresses the design criteria/high-level concepts for the IEEE 802.16m uplink power control method. In the following section, the uplink power control scheme for the 802.16m is proposed by reflecting the overall concepts described in Table IV.
Table VI. The summary of the uplink power control design for IEEE 802.16m 
	
	Reference System [3]
	IEEE 802.16m
	Notes

	Path-loss Compensation
	Full
	Full (default)

/Fractional (FFS)
	• Further consideration with 
interference management methods

	Data/Control Channels
	Same
	Unified formula 
with separate parameters
	• Support of the different targets and operating points between data and control information

	Open/Closed-loop Mechanism 
	CLPC(mandatory)

OLPC(optional)
	Combined 
with OL and CL
	• Tight/effective power control with reduced power margin and overhead 

	IoT control
	Not Support 
(Intra-cell PC)
	Support 
	• Flexible/effective intra- and inter-cell interference control 

	FFR Mode Support
	No consideration
	Consideration
	• Support of the various channel 

characteristics in FFR operations


3. Power Control Mechanism for IEEE 802.16m
In this section, we describe the high-level concept for the 802.16m uplink power control design. As addressed in section 2, the following aspects should be incorporated into the power control formula for the 802.16m to meet the target requirements in the 802.16m SRD [1]:
· Unified power control formula supporting various channel, traffic, interference environment
· Path-loss compensation: Full or/and fractional 
· Combined with OL and CL for overhead reduction with effective power adjustment
· IoT control : Intra or inter cell interference control, multi user support

· Separate power control for data and control 
· Efficient FFR mode support
The generic mechanism and parameters for the 802.16m power control can be embodied as follows. 
3.1. Details on the parameters related to the 802.16m uplink power control
According to the discussion on the 802.16m power control key aspects, the generic parameters can be incorporated into the unified power control formula as 
PTx = α∙PL + NI + SINRTarget + ΔPowerAdjust + δPowerScaling + OffsetICI [dBm]     (1)
where
PTx : Transmit power level at MS for achieving a given SINRTarget with a desired MCS 
α : Path-loss compensation factor with a range of 0 < α ≤ 1 (Default: α = 1)
PL : Downlink/Uplink pathloss estimate calculated at BS/MS 
NI : Noise and interference level per subcarrier at BS  
SINRTarget : Target SINR threshold for each MCS level 
ΔPowerAdjust : User specific power correction value from BS
δPowerScaling : Power scaling factor according to the single- or multi-user transmission power level
OffsetICI : User-/cell-/group-specific [FFS] power adjustment value related to the inter-cell power
      control 
In (1), PTx is the user transmit power level per subcarrier/resource unit, i.e., power spectral density, which is a function of the user power class and the assigned transmission bandwidth. The total of user transmit power can not exceed the predefined user transmit power class in the 802.16m system. Basically, the power control scheme in (1) supports the transmit power control by compensating the full/fraction of the pathloss, i.e., 0 < α ≤ 1 for the flexibility in balancing spectral efficiency and cell edge performance as described in Section 2.2. Furthermore, the intra cell power control is defined by combining with open loop and closed loop operation. Additionally, it can easily extend to inter-cell power control using Offset_ICI, for controlling the inter-cell interference level. The noise and interference level measured at BS can be broadcasted to all users in corresponding serving cell for achieving the target SINR for a given MCS. Power correction parameter can be also used to adjust the transmit power level by compensating the estimation errors or inaccuracy in the fast channel varying, practical measurements, open-loop related components, etc. 
3.2.  Signaling and procedure
In order to determine the uplink transmit power level at a certain MS, the parameters for the uplink power control should be obtained from the serving BS. The power control messages from the serving BS can be categorized into a couple of types, i.e., common and user-specific messages as shown in Figure 3. The common messages include the cell-specific or common values to be used by the MSs in the serving cell, e.g., the pathloss compensation α, noise and interference level NI, etc. The user-specific messages includes the dedicated parameters for the MS, e.g., target SINR, SINRTarget, power correction term ΔPowerAdjust, and power scaling factor δPowerScaling . OffsetICI is FFS. 
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Figure 3. Categorization of power control signaling: common and user-specific message types
4.  Conclusion
In this contribution, we have addressed the key aspects of the power control in the 802.16m and proposed the high-level concept and mechanism for the uplink power control design. The uplink transmit power level at an MS should be determined by considering the following features and functions for optimizing the intra- and inter-cell power control: 
· Unified power control method combined with open- and closed-loop PC parameters 
· Fractional pathloss compensation can be useful to reduce the IoT level from the neighboring cells as well as to increase the cell-edge user throughput without significantly sacrificing the overall system throughput.
· Simple inter-cell interference control by adding a parameter into the intra-cell power control operation
· Support of the IoT control by depending on the single- or multi-user transmission in the same resource units

· Applicable to the FFR modes for supporting the zone-specific interference and channel characteristic 
· Efficient uplink power control for data and control transmission 

As a result, the proposed uplink power control can be effective to achieve the 802.16m uplink target spectral efficiency by considering both system throughput and cell edge user performance. In addition, the proposed concept is generic enough to readily adopt new enhanced techniques and features for the 802.16m system.
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Text Proposal for the 802.16m SDD
============================== Start of Proposed Text =================================
x.y. Uplink Power Control
The 802.16m power control shall support the following aspects in the uplink. 

· Uplink power control supporting open- and closed-loop operation with reduced overhead and effective power adjustment

· Path-loss compensation: Full or/and fractional 

· IoT control : Intra- or inter-cell interference control, multi-user support

· Separate power control operation for data and control 

· Effective FFR mode support

The generic mechanism and parameters for the 802.16m power control can be embodied as follows: 
PTx = α∙PL + NI + SINRTarget + ΔPowerAdjust + δPowerScaling + OffsetICI [dBm]     (1)
where

PTx : Transmit power level at MS for achieving a given SINRTarget with a desired MCS 
α : Path-loss compensation factor with a range of 0 < α ≤ 1 (Default: α = 1)
PL : Downlink/Uplink pathloss estimate calculated at BS/MS 
NI : Noise and interference level per subcarrier at BS  
SINRTarget : Target SINR threshold for each MCS level 
ΔPowerAdjust : User specific power correction value from BS
δPowerScaling : Power scaling factor according to the single- or multi-user transmission power level
OffsetICI : User-/cell-/group-specific [FFS] power adjustment value related to the inter-cell power 
control 

PTx is the user transmit power level per subcarrier/resource unit, i.e., power spectral density, which is a function of the user power class and the assigned transmission bandwidth. The total of user transmit power can not exceed the predefined user transmit power class in the 802.16m system. Basically, the power control scheme in (1) supports the transmit power control by compensating the full/fraction of the pathloss, i.e., 0 < α ≤ 1 for the flexibility in balancing spectral efficiency and cell edge performance. Furthermore, the intra cell power control is defined by combining with open loop and closed loop operation. Additionally, it can easily extend to inter-cell power control using Offset_ICI, for controlling the inter-cell interference level. The noise and interference level measured at BS can be broadcasted to all users in corresponding serving cell for achieving the target SINR for a given MCS. Power correction parameter can be also used to adjust the transmit power level by compensating the estimation errors or inaccuracy in the fast channel varying, practical measurements, open-loop related components, etc. 
=============================== End of Text Proposal ===============================

ANNEX: Simulation Assumptions
	Topic
	Baseline System Assumptions

	Basic modulation
	QPSK, 16QAM

	Duplexing scheme
	TDD

	Subchannelization
	PUSC

	Resource Allocation

Granularity
	PUSC: 1 slot (1 slot = 1 subchannel x 3 OFDMA symbols)

	Downlink pilot structure
	Specific to subchannelization scheme PUSC

	Multi-antenna Transmission format
	SIMO (1x2)
CSM 

	Receiver Structure
	MRC for SIMO, MMSE for CSM

	Data Channel coding
	Convolutional Turbo Coding (CTC)

	Control Channel Coding
	CDMA Codes (PUSC 2 symbols) for Initial Ranging and Handover, CDMA Codes (PUSC 1 symbol) for Periodic Ranging and Bandwidth Request, CQICH (6 bits)

	Scheduling
	Proportional Fairness for full buffer data only

	Link adaptation
	QPSK(1/2) with repetition 1/2/4/6, QPSK(3/4), 16QAM(1/2), 16QAM(3/4)

	Link to System Mapping
	MMIB 

	H-ARQ
	Chase Combining Synchronous, Nonadaptive, 1 frame ACK/NACK delay, Maximum 4 HARQ Retransmissions, initial target PER of 20%

	Power Control
	Simulation scenario specific

	Interference Model
	Frequency selective interference model for PUSC/AMC, no interference awareness at receiver

	Frequency Reuse
	3 Sectors with Frequency Reuse of 1 

	Control signaling
	Initial Ranging, Periodic Ranging, Handover Ranging, Bandwidth Request, Fast Feedback/CQI Channel, Sounding


Table 1 System-level simulation assumptions for the uplink
	Scenario/ Parameters
	Baseline
Configuration
(Calibration & SRD)
	Urban Macrocell

	Requirement
	Mandatory
	Mandatory

	Site-to-Site distance
	1.5 km
	0.5 km

1.5 km

	Carrier Frequency
	2.5 GHz
	2.5 GHz

	Operating Bandwidth
	10 MHz for TDD
	10 MHz for TDD 

	BS Height
	32 m
	32 m

	MS Tx Power
	23 dBm
	23 dBm

	MS Height
	1.5 m
	1.5 m

	Penetration Loss
	10 dB
	10 dB

	Path Loss Model
	Loss (dB) = 130.62+37.6log10(R)
(R in km)
	Loss (dB) = 35.2+35log10(R)+ 26log10(f[GHz]/2) 
(R in m)

	Lognormal Shadowing Standard Deviation
	8 dB
	8 dB

	Correlation distance for shadowing
	50m
	TBD [50m]

	Mobility
	0-120 km/hr
	0-120 kmph

	Channel Mix
	ITU Ped B  *        
3 km/hr – 60%
ITU Veh A   30 km/hr – 30%
ITU Veh A  120 km/hr – 10%
	Mix or specific

	Spatial Channel Model
	ITU with spatial correlation
a) Uncorrelated
b)  Correlated
(BS Correlation Coefficient = 0.5)
	[Correlation based implementation 3.2.7]


Table 2 Test Scenarios
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