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1. Introduction

The LTE uplink is based on Single-Carrier Frequency Division Multiplex Access (SC-FDMA). Under idealized conditions, SC-FDMA signals from different user equipments (UEs) are orthogonal and do not interfere with each other at the receiver. However, due to various imperfections in the transmitter and receiver implementations orthogonality cannot be maintained in reality and signals from different UEs leak out of the intended frequency bands and interfere with each other. The magnitude of the performance degradations caused by this interference depends on the relative level of leakage, as well on received power density levels from different UEs. A signal with a low power density is interfered more than a signal with a high power density.

This paper, which was earlier submitted to RAN1 [1], investigates the impacts on system level performance of transmitter impairments for different power control principles. More specifically, as depicted in  REF _Ref133134611 \h 
, user throughput versus traffic load is evaluated for different impairment levels, and repeated assuming a fixed transmit power and power control principles targeting a fixed received power. The intention is to indicate what impairment levels are acceptable and what power control principles are feasible.

The paper is organized as follows. The transmitter impairment model is described in Section ‎2, followed by other models and assumptions in Section ‎4. Numerical results are presented in Section ‎5 and conclusions are drawn in Section ‎6. 

2. A Simple Transmitter Impairment Model

A simple transmitter impairment model is used. As depicted in Figure 2, the leakage outside the desired signal spectrum is represented by a flat power spectral density a certain level below the power spectral density in the desired spectrum. 
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Figure 1: Example of expected results, user throughput versus traffic load with different levels of impairments. Repeated for different power control principles

The transmitter imperfections include phase noise, IQ imbalance, and power amplifier non-linearities. The transmitter impairments are expressed by Inband Subcarrier Set Leakage (ISSL), which describes the amount of allowed disturbance from one UE transmitter located on one sub-carrier set onto another sub-carrier set within the regulatory bandwidth of the UE [2]. The ratio between the power spectral densities inside and outside the desired spectrum is denoted the), and varied between 10, 20, 25, and 30dB. Preliminary results indicate that an ISSL of 25dB is achievable for an E-UTRA UE with reasonable complexity. Note that the ISSL as modeled is independent of the bandwidth of the desirer spectrum. This means that multiple narrow band users together cause more interference than a single wideband user. 
The ISSL is modeled as flat and additive between users. This is conservative as the ISSL typically decays with frequency, apart from the mirror components, which however appear at different frequencies for different users.
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Figure 2: Transmitter impairment model. Example of power spectral profile with an ISSL of 25dB
3. Power Control Principles

A set of different 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, the UE power is set to P = min (SNRtarget x Pnoise / g, Pmax), 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. It is noted that currently a slight extension of this power control equation is discussed in RAN4 uplink co-existence studies [3], allowing for partial path gain compensation. Two cases are studied here:
a)
‘Slow closed loop’: The pathgain estimate g is based on wideband UL measurements and assumed to be error free.

b)
‘Slow open loop’: The pathgain estimate g is based on wideband DL measurements and assumed to have a uniformly distributed error within ( 9dB.
The SNRtarget is set to 20 dB in both cases a) and b).
4. Models and Assumptions

A summary of models and assumptions is provided in Table 1. The models are aligned with the assumptions in [4], and cover cases 1 and 3 in A.2.1.1-1 [4] corresponding to inter site distance of 500 m and 1732 m respectively. A simple static simulation-based evaluation methodology is used. In each simulation iteration 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%. This means at 100% all the resource blocks or units are transmitted. 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. Using the mutual information model of [5], the SINR values are then mapped to active radio link bitrates Ru, for each active user u. Note that Ru is the bit rate 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 bit rates for the active users:

T(f) = (u=1U(f) Ru / Ncell.
(2)

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 bit rate are used as measures of average and cell-edge user quality respectively. Note that as the activity factor increases, individual user bit rates decrease because of increased interference and thereby decreased SINR. The served traffic however increases as the number of active user 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 or 577m (500m or 1732m inter-site distance)

	System Models 

	Spectrum allocation
	10MHz

	SNRtarget
	20 dB (for fixed received power target schemes) 

	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. 

	Scheduling 
	Random selection of users, 4 or 12 users scheduled in parallel (on 2.25 and 0.75MHz per UE respectively)

	OFDM Parameters 
	According to 25.814 [4]

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

	Receiver
	MMSE [6] with 2-branch receive diversity, 


5. Numerical Results

Mean, cell-edge (5th percentile), and cell center (95th percentile) active radio link bit rate versus traffic load results are shown in Figure 3, - Figure 5. Figure 3 and Figure 4 respectively contain results for 12 and four users scheduled in parallel, for an Inter-Site Distance (ISD) of 500m. Figure 5 contains results for 4 users scheduled in parallel and an ISD of 1732m. Results for the different power control principles are presented in separate plots in each figure.

A short summary of the results is that with 12 users scheduled in parallel the impairments severely degrade performance. Probably the flat and additive model is pessimistic in this case. The reduction is reduced with power control. For 4 users in parallel the degradation is smaller. An ISSL of 25dB is not a big issue with power control. The closed loop power control performs better than the open-loop, but the relative impact of the ISSL is quite similar. Without power control a significant reduction at the cell-edge is seen (50% at high load). For an ISD of 1732m the system is mainly noise-limited and the effect of the ISSL is smaller. 

To quantify the performance impacts in a simpler form, in Table 2 the maximum served traffic per sector (denoted ‘cap’) and the 5th percentile bit rate at a served traffic of 6Mbps (denoted ‘5th’) are listed. The relative performance as compared to the ideal case is also indicated. The case with 500m ISD and 4 users in parallel is selected since the model is exceedingly pessimistic for the 12 user case, and since the impact of the impairments is less for the 1732m ISD. It is seen that with an ISSL of 25dB and slow closed loop power control, the losses as compared to the ideal case are 4% in capacity and 8% in cell-edge bit rate. For a 20dB ISSL the corresponding figures are 10% and 21%.

Table 2: Summary of results for 500m ISD and 4 users scheduled in parallel
	ISSL [dB]
	10
	20
	25
	30
	Infinite

	Measure [Mbps]
	Cap
	5th
	Cap
	5th
	Cap
	5th
	Cap
	5th
	Cap
	5th 

	Fixed power
	7.2
60%
	0.12
18%
	10.0
83%
	0.28
42%
	10.8
90%
	0.42
63%
	11.4
95%
	0.54
81%
	12.0
100%
	0.67
100%

	Slow closed loop
	7.4
56%
	0.41
26%
	11.8
90%
	1.22
79%
	12.6
96%
	1.42
92%
	12.9
98%
	1.51
97%
	13.1
100%
	1.55
100%

	Slow open loop
	7.3
59%
	0.29
22%
	11.0
89%
	0.96
73%
	11.8
96%
	1.21
92%
	12.1
98%
	1.27
97%
	12.3
100%
	1.31
100%


6. Conclusions

Simple open-loop or slow closed loop uplink power control algorithms may be used to improve uplink performance, and also limit the effect of transmitter impairments to a minimum. The presented results indicate that with the models and assumptions used, an ISSL of 25dB is acceptable if a power control principle compensating for the differences in path loss between UEs is used. Taking into account the conservative flat and additive ISSL model, an ISSL of 20dB could also be considered for the closest resource blocks. To reach sufficient accuracy in received power, slow closed loop power control could be used. Alternatively, open loop power control could be considered provided that the ( 9dB accuracy of the UE path gain estimate is significantly reduced.
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Figure 3: User throughput versus traffic load, for power control principles 1 (upper), 2a (middle), and 2b (lower). ISD 500m, 12 users per cell
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Figure 4: User throughput versus traffic load, for power control principles 1 (upper), 2a (middle), and 2b (lower). ISD 500m, 4users per cell
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Figure 5: User throughput versus traffic load, for power control principles 1 (upper), 2a (middle), and 2b (lower). ISD 1732m, 4users per cell
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