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1. Introduction

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 in both interference and coverage limited scenarios. This paper presents evaluations of control channel performance for a set of different uplink power control mechanisms. More specifically, ACK/NACK error rates achievable with open and closed loop mechanisms are compared, in both interference and coverage limited scenarios. 

It is seen that in interference limited scenarios, as might be expected, there are significant potential gains with closed loop mechanisms. In coverage limited scenarios however, a simple open loop performs on par with an upper bound closed loop algorithm in terms of cell-edge performance. 

2. Evaluated 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) Open loop with a fixed received SNR target, 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). Note that the desired SNRtarget with this algorithm must include a margin for expected interference. This corresponds a pure open-loop use of the algorithm proposed in ‎[1].
3) Ideal fast closed loop. Based on algorithm 2, but with individual UE specific compensation factors, targeting a desired ACK/NACK error rate. This corresponds to the algorithm proposed in ‎[1] with UE specific compensation factors (UE) for all UEs. This is used as an ‘upper bound’ reference case. In line with this assumption, perfect interference knowledge and an ideal update rate are also assumed (the closed loop compensation is repeated until power levels converge).    

4) Semi-Ideal fast closed loop with 2dB step. As 3 but with a power setting granularity of 2dB aligned with the maximum power of 250mW, i.e. P = […16, 18, 20, 22, 24] dBm. This is seen as a slightly more realistic estimate of what can be achieved with closed loop compensation. The ideal update rate and perfect quality knowledge still makes it very optimistic though.

The open-loop SNRtarget is selected to reach the best cell-edge performance for each ISD (10dB in interference-limited case, and -14dB in coverage limited case).

Note that algorithms 2 and 3 correspond to the extreme cases of the combined open and closed loop mechanism proposed in ‎[1], where closed-loop compensation is not used at all and used for all UEs respectively. A case where only a subset of the UEs are closed loop controlled is expected to perform in between these extremes.  

3. Models and Assumptions

A summary of models and assumptions is provided in Table 1. The models are aligned with the assumptions in TR25.814. Case 1 (500m ISD and 20dB penetration loss) is used to represent an interference limited scenario. An ISD of 7500m (5000m cell-range) together with a penetration loss of 10dB is used to model a coverage limited scenario. 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. It is assumed that there are 24 active users (multiplexed using CDM and frequency hopping, see Appendix A) sending ACK/NACK reports in each TTI. 
Table 1. Models and Assumptions.

	Traffic Models

	User distribution
	Uniform

	Terminal speed
	0 km/h 

	Data generation
	Full buffer

	Radio Network Models

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

	Penetration loss
	10 and 20dB

	Shadow fading
	Log-normal, 8dB standard deviation

	Multipath fading
	SCM, Suburban macro

	Cell layout
	Hexagonal grid, 3-sector sites, 21 sectors in total

	Inter-Site Distance 
	500 and 7500m

	System Models 

	Spectrum allocation
	5MHz 

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

	Multiplexing
	CDM and Frequency Hopping

	Receiver
	MMSE with 2-branch receive diversity


Based on the transmit power (set according to the evaluated power control mechanism), the channel realizations, and the active interferers, a signal-to-interference and noise ratio (SINR) is calculated for each link and receive antenna. These are then combined (MMSE), and an effective SNR across the used subcarriers and symbols is calculated using a mutual information model. The effective SNR is then mapped to an ACK/NACK error rate (see Appendix A). 

4. Numerical Results

Figure 1 shows ACK/NACK error rate distributions for the different algorithms in interference- and coverage-limited scenarios. It is seen that in the interference-limited case, quite a significant gain can be achieved with the ideal fast closed loop mechanism. The gain with the closed loop mechanism with a 2dB step is smaller. Looking at the cell-edge performance (95th percentile), error rates of 0.2%, 0.004%, and 0.001% are achieved for the open-loop, fast closed loop with 2dB step, and ideal fast closed loop respectively.   

In the coverage limited scenario higher error rates are achieved. It is also seen that the cell-edge performance is very similar for the different algorithms; they all achieve an error rate of around 3%. This is because UEs are limited by their max power. An interesting conclusion from this result is that a pure open loop mechanism does not put harder requirements on the control signaling robustness than a fast ideal closed loop. 

Additional results (effective SNR distributions) are presented in Appendix B. 
5. Conclusion

A closed loop power mechanism has the potential to improve performance in interference limited scenarios. In coverage-limited scenarios however, the cell-edge achievable ACK/NACK error rates with open- and fast closed-loop mechanisms are similar. The robustness of the control signaling has to be designed to support such cases. Hence, it does not depend on whether on open- or closed-loop power control is used.  

Although no realistic (non-ideal) closed loop scheme was included in the evaluations, the benefits of the closed loop in interference-limited scenarios is of course still of interest. This motivates the use of a closed loop component in the E-UTRA power control mechanism. Although not evaluated here, an interesting solution is to apply closed loop control to only a subset of the UEs in order to save downlink signaling overhead.    
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Figure 1. ACK/NACK BER distributions, left; 500m ISD, right; 7500m ISD.

A. Physical Layer Models

The ACK/NACK model is based on the CDM approach described in ‎[3]. As depicted in Figure 2, it is assumed that CDM and frequency hopping is used to multiplex ACK/NACKs of different users. An ACK/NACK bit is represented with a code of length 48 (12 subcarriers x 4 symbols, 3 symbols are used for pilots), which is transmitted in one end of the spectrum in the first half of the subframe, and then repeated in the other end of the spectrum in the second half of the subframe. The total processing gain is thus 2x48=96. It is assumed that in total 24 users are multiplexed per subframe. 

The output from the system simulator is the effective SNR per subcarrier (or ‘atom’) after antenna combination and frequency hopping. This is SNR is then mapped to an Eb/No using the processing the gain of 96. To calculate the error probability, the theoretical formula for antipodal signals, Pe = Q(sqrt(2Eb/No)) is used. To compensate for non-idealities (e.g. channel estimation loss) a margin of 1.5dB is however first deducted from the Eb/No. For reference, an example of the error rate performance for a TU channel with 2-branch receive diversity is given in Figure 2.

Although this is a simplified model, which may yield inaccurate absolute values, it is deemed acceptable for relative comparisons between the power control principles. 
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Figure 2. Left: user multiplexing. Right: ACK/NACK error performance (TU channel, 1x2).

B. Additional Results
Figure 3 shows instant (per frame) and average (over 10 independent realizations) effective SNR distributions. The ideal closed loop algorithm clearly reaches its desired SNR targets. For an ISD of 500m, all users get the same SNR and the power levels are perfectly balanced. With an ISD of 7500m, around 15% of the frames are below the target since the UE power is limiting. With a granularity of 2dB on the closed loop signaling the SNR is as expected distributed about +/-1dB around the target 

The open loop mechanism results in larger variance. In the interference limited a worse 5th percentile instant SNR is achieved than for the closed loop mechanisms. In the noise limited case an equal average 5th percentile as with a closed loop can be reached. This is since there is no interference variance and a common SNR target can be found. 

Note that the open loop mechanism reaches as high average effective SNR (lower plots) as the closed loop mechanisms. The instant effective SNR for low percentiles is not as high though, as the fast fading can not be followed, which can be done with the ideal closed loop mechanisms. This is why ideal the closed loop mechanisms yield better cell edge BER performance. A slow closed loop mechanism that can not follow fast fading and rapid interference variations would result in a larger SNR spread.   
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Figure 3. SNR C.D.F.  Left; 500m ISD, right; 7500m ISD (note different x-axis). Upper: frame, lower: average.
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