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1. Introduction

Uplink power control is an important E-UTRA function ‎[1]. The overall goal of power control is to improve user plane bitrates and enable reliable control plane operation. To accomplish this, important power control objectives include: 
1) To limit intra-cell interference and to limit the required dynamic range in the RF front-end. With non-ideal transmitters and receivers, yielding non-orthogonal uplink signals, uplink power control is needed to cope with the near-far effect. For E-UTRA, the accuracy requirements of this multi-user intra-cell power control are rather relaxed and an open-loop power control is a feasible alternative ‎[8]. 

2) To limit inter-cell interference. The interference reduction results in improved capacity and cell-edge bitrate ‎[7],‎[10],‎[12]&‎[13]. 

3) To limit inter-system interference ‎[6]. For e.g. UTRA - E-UTRA co-existence, it is desirable that the E-UTRA power usage does not significantly exceed that of UTRA.

4) To limit power consumption.

One suggested power control algorithm targeting these objectives is the fractional path loss compensation algorithm ‎[7], ‎[9], ‎[12]. It is a well established principle, used e.g. in GSM/GPRS ‎[3] with good co-existence characteristics [6]. 

This paper discusses a set of power control principles and the functionality needed to be standardized to support them. A few open-loop path loss-based power control principles are studied by means of simulations for both the user plane and a control plane-like scenario. In addition to this, the merits of a slow-closed loop algorithm are qualitatively discussed.
Based on this, a slow closed-loop power control is proposed where the UE measures and compensates for a fraction of the path loss, and the serving Node B has the possibility to control a relative compensation for interference and link quality signaled to the UE. 
2. Simulated Power Control Algorithms
A set of simple power control principles are studied:

1) Fixed transmission power, the UE power is set to P = Pmax, where Pmax is the maximum UE power.

2) Fixed received power target as in ‎[8], P = min(Pmax, SNRtarget x Pnoise / g), where Pnoise is the noise power level, SNRtarget is a targeted received power level relative to the noise floor, and g is an estimate of the path gain to the base station (based on wideband downlink estimates). SNRtarget settings between 0 and 30dB have been simulated.
3) Fractional path loss compensation similar to the uplink power control in GPRS ‎[3], 
P = min(Pmax, SNRtarget x Pnoise / gα), where α is the path loss compensation factor. Compensation factors α between 0.05 and 1 have been simulated. The special case α=1 means full compensation resulting in the same algorithm as 2.
3. Models and Assumptions

A summary of models and assumptions is provided in Table 1. The models are aligned with the assumptions in ‎[2] for simulation case 1 (500m ISD, 20dB penetration loss). A simple static simulation-based evaluation methodology is used. In each iteration of the simulation, terminals are randomly positioned in the system area, and the radio channel between each base station and terminal antenna pair is calculated according to the propagation and fading models. To study different system load levels, terminals are randomly selected to be transmitting with an activity factor f ranging from 20 to 100%. In active cells transmitting users are selected independently of channel quality. The total number of active users for activity factor f is denoted U(f). Based on the channel realizations and the active interferers, a signal-to-interference and noise ratio (SINR) is calculated for each link and receive antenna. For reference, also a wideband SINR, excluding the multipath fading is calculated. Using the mutual information model of ‎[3], the SINR values are then mapped to active radio link bitrates Ru, for each active user u. Note that Ru is the bitrate that user u gets when scheduled. Active base stations and users differ between iterations, and statistics are collected over a large number of iterations. For each activity factor, the served traffic per cell T(f) is calculated as the sum of the active radio link bitrates for the active users 

T(f) = (u=1U(f) Ru / Ncell.
 LISTNUM equ \l 4 
where Ncell is the number of cells in the system. This assumes that user are scheduled an equal amount of time. The mean and the 5th percentile of the active radio link bitrate are used as measures of average and cell-edge user quality respectively. Note that as the activity factor increases, individual user bitrates decrease because of increased interference and thereby decreased SINR. The served traffic however increases as the number of active users increases. 
Table 1. Models and Assumptions.

	Traffic Models

	User distribution
	Uniform

	Terminal speed
	0 km/h 

	Data generation
	On-off with activity factor 20, 40, 60, 80, 100%

	Radio Network Models

	Distance attenuation
	L = 35.3+37.6*log(d), d = distance in meters

	Shadow fading
	Log-normal, 8dB standard deviation

	Multipath fading
	SCM, Suburban macro

	Cell layout
	Hexagonal grid, 3-sector sites, 57 sectors in total

	Cell radius 
	167m  (500m inter-site distance)

	System Models 

	Spectrum allocation
	10MHz (50 resource blocks) and 0.2MHz (1 resource block)

	Max UE output power 
	250mW into antenna (no minimum power)

	Max antenna gain
	15dBi

	Modulation and coding schemes
	QPSK and 16QAM, turbo coding according to WCDMA Rel-6. 

	OFDM Parameters 
	According to 25.814 ‎[1]

	Overhead
	28% for reference signals and L1/L2 control channels (5 symbols per TTI for data)

	Receiver
	MMSE ‎[5] with 2-branch receive diversity


4. Numerical Results

The three power control principles described in section ‎2 have been evaluated both for a system bandwidth of one single resource block (180kHz ~ 0.2MHz) and a system bandwidth of 10MHz. The intention is for the 0.2MHz allocation to mimic the control plane (which is not yet defined), where the UE can put all of its power on a limited bandwidth. Note that this assumes that control channels are orthogonal to traffic channels across cells (in line with current working assumptions). The 10MHz allocation addresses the user plane.

4.1. ‘Control Plane’ – 0.2 MHz Allocation 

The parameter settings resulting in best cell-edge (5th percentile) SNR have been found through repeated evaluations. The resulting SNR distributions are shown in Figure 1. Both instant SNRs (including multipath fading) after antenna combination, and wideband average SINRs (excluding multipath fading) are shown. A fully loaded system is assumed. This is a worst case assumption for the interference levels. It is difficult to how realistic it is as the UL control channels are not yet defined.  
Compared to using fixed power, the 5th percentile is improved with approximately 10 dB both with and without fractional compensation. In Figure 1 (right) it is seen that in this case a cell-edge wideband SINR of about -3dB is achievable. Control channels would hence have to be designed to for reliable operation at these SINR values.
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Figure 1. Effective SNR after antenna combining (left) and wideband average SINR (right). 100% activity factor 0.2MHz (one resource block). 
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Figure 2 Active radio link bitrate 0.2MHz (one resource block).  Left; 100% activity factor, right; 20-100% activity factor v served traffic.

The user plane performance in the 0.2MHz allocation is also of some interest, e.g. for narrow band services.  The bitrates achievable in the user plane are shown in Figure 2. It is seen that the fractional compensation improves the cell edge bitrate (5th percentile) slightly more than the full compensation. But more important is that the average bitrate is at the same time improved. At higher load the full compensation decreases the average compared to fixed power, as also shown in ‎[6]. The fractional compensation is thus a good solution for user plane channels. 
4.2. User Plane – 10 MHz Allocation

User plane bitrates for 10MHz (50 resource blocks) are shown in Figure 3. To illustrate the ability of the parameterized scheme to trade cell-edge bitrate versus mean user bitrate, two parameter settings {SNRtarget,  for each algorithm are shown: one parameter setting resulting in the highest cell-edge bitrate ({8dB, 1} and {5dB, 0.75}) and one resulting in higher average bitrate ({20dB, 1} and {15dB, 0.75}). 
It is seen that targeting high cell-edge bitrates through using low SNR targets results in very high cell-edge data rates (3-5Mbps), but also in reduced average bitrate compared to fixed power. With the higher targets an interesting trade-off is achieved that improves both cell-edge and average bitrates. Note that the fractional compensation algorithm always achieves better performance than the full compensation algorithm. For the same cell-edge bitrate, a higher average bitrate is achieved (top plots in Figure 3), and for the same average bitrate, a higher cell-edge bitrate is achieved (lower plots in Figure 3). This motivates the use of the fractional compensation parameter (). Further trade-offs enabled by different parameter settings are presented in Appendix A.
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Figure 3 Active radio link bitrate 10MHz (50 resource blocks). Left: CDFs for 100% activity factor, right: 20-100% activity factor v served traffic. Top: parameter settings targeting high cell-edge bitrate, lower: parameter settings targeting high average user bitrate.
4.3. Power Consumption

The resulting transmission power for both 0.2MHz and 10MHz is shown in Figure 4. Also regarding power consumption and battery lifetime the fractional compensation is a good solution, see further ‎[7]. It is interesting to note that in the 0.2MHz allocation very few of the UEs use full power.
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Figure 4 Power consumption. Left; 0.2MHz one resource block, right; 10MHz 50 resource blocks.

5. Control Channel Aspects
It is crucial for E-UTRA to achieve adequately low error probabilities for uplink control signaling, e.g. ACK/NACK, CQI reporting, and scheduling requests. These channels must be designed to support the cell-edge SINR achieved by the employed UL PC algorithm. Whether this is the case for any algorithm cannot be judged before at least a tentative control channel design exists. On the other hand, the control channels could in principle be designed to cope with an arbitrarily low SINR, provided that their power and bandwidth overhead is unlimited. Although, this is not a practical solution, a trade off between power control performance/complexity and control channel overhead does exist, and some solution needs to be selected. 
A possible way forward is to do a tentative control channel design that is robust enough for desired overall link budgets (in mainly coverage limited scenarios), yielding a certain cell-edge SINR. The power control must then be such that this SINR can be maintained also in interference-limited scenarios.   

6. Merits of Closed-Loop Algorithms in Orthogonal Systems

Fast closed-loop power control is very important for non-orthogonal ULs, e.g. in WCDMA. A too high received power from a UE is a direct waste of resources. It is also so that the total interference is the sum of many interfering signals, and hence varies rather slowly. This makes it possible to follow the interference variations and maintain SINR targets quite accurately.
For orthogonal systems, a slightly too high received power is not big problem, as no or very limited intra-cell interference is caused. The interference is also the composed by much fewer signals, which makes it vary rapidly (from TTI to TTI depending on which of the dominant interferers are scheduled), and becomes more difficult to follow. 
A fast closed-loop power control algorithm is thus not strictly necessary in an orthogonal system, and would be difficult to operate without margins to interference variations (of the same magnitude as for an open-loop algorithm). A fast closed-loop algorithm also consumes a considerable amount of downlink resources for signaling power commands.
A pure open-loop algorithm on the other hand has some drawbacks, such as sensitivity to UE measurement errors, and inability to follow more long-term interference variations. To compensate for these drawbacks a slow closed-loop algorithm is motivated.
7. Summary and Discussion

The results in Section ‎4 show that there are simple path loss based solutions that can work well and that fractional compensation can improve spectrum efficiency and battery lifetime. Such solutions require minimum downlink control, only broadcast of parameters. They are also well suited for TDD, for which the channel reciprocity makes the pathgain estimates more accurate. Although many different power control schemes may be realized with a parameter-based open loop scheme, the results also indicate that there probably is no single power control algorithm optimal for all channels, services and deployment scenarios. There are many trade-off aspects for uplink power control. Also, open loop solutions will be degraded by measurement and estimation errors. Taking all this into account the network should also have the possibility to explicitly control uplink power. This will enable closed-loop solutions based on received quality enabling lower power usage ‎[9],‎[10],‎[11]. This will also enable multi-cell power control solutions and inter-cell interference co-ordination operating on power levels ‎[13]. Finally it enables continuous evolution without a change of standard.

Power control of the user plane is closely related to scheduling and link adaptation. Therefore, the power control should not control the output power as such, but rather the power spectral density. If the scheduled bandwidth for a UE is doubled, also the output power is doubled (assuming all other parameters unchanged). Also, if the UE is scheduled with a higher order modulation, it could be beneficial to couple this with an output power increase. One possibility to achieve this is to let the power control mechanism set the power spectral density for a reference transport format. The actual power of the UE when transmitting data is obtained from the reference by scaling with the scheduled bandwidth and a power offset for each transport format. More specifically, similar to GPRS ‎[3], a reference power density Pref  [dBm per resource block] may be set as:


Pref = min((ref - (*C, PMAX)
 LISTNUM equ \l 4 
where C is an estimate of the received downlink power on some well defined channel, PMAX is a maximum power density, and ( is the compensation factor, determining to what extent the path loss should be compensated for.

The power density for the data channel is set to the reference plus a (transport-format specific) offset


PTCH  = Pref + (TCH 
 LISTNUM equ \l 4 
The power density for control channels is set in a similar way.

In the open-loop case, the parameters (ref , (CCH n,  (TCH, and ( are either broadcasted or predefined default values are used. In the closed-loop case, these parameters may be individually controlled by the serving Node B, e.g. through RRC signaling or through faster L1/L2 control signaling. 

8. Proposal
The following is proposed:
· The power control mechanism controls the transmitted power spectral density of the UEs
· A parameterized mechanism (SNR target and compensation factor) controlled by the serving NodeB is the default solution. 
· The UE measures and compensates for (a fraction) of the path loss according to the parameters
· Finer tuning (compensating for e.g. interference or link quality) is performed by the Node B and signaled individually to the UEs
The parameters (SNR targets and compensation factors) could be either broadcast or sent individually to the UEs. To limit downlink overhead the fine tuning done by the Node B may be sent only to a subset of the UEs. This can be done either on dedicated channels or included in the scheduling assignments on the L1/L2 control channel.
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Appendix A – Trade-offs Enabled by Parameter Settings
Depending on the scenario, services and cell deployment, the SNR target can be used to trade average and cell edge bitrate ‎[6]

 REF _Ref143916262 \r \h 
‎[7]. This trade-off is shown in Figure 5 left. Below an SNR target of 5dB there is not much improvement of cell edge bitrate and above 15dB there is not much improvement in served traffic. In the range 5 to 15dB the cell edge and served traffic can be traded. Figure 5 right shows the partial compensation factor impact. Highest served traffic is in the range 0.25-0.75 with highest cell edge bitrate at 0.75 making this factor a good choice
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Figure 5. Mean and cell edge bitrate trade-off. 10MHz, left α=0.75, right SNR target =15dB.
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