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1 Introduction
At RAN#43 a work item on DC-HSUPA was initiated and during RAN2#65bis and RAN2#66 some initial discussions related to the E-TFC selection for DC-HSUPA has taken place. During these discussions several algorithms specifying the behavior for power limited UEs have been proposed. This contribution evaluates the performance of these schemes for a full buffer scenario. In particular, our intention is to determine: 
· If any of the algorithm offers significantly higher performance than the others, and 
· If the power difference between carriers (that power limited UEs experience) is significantly lower for any of the proposed algorithms. 

The latter was highlighted as a potential problem in [5][6]
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[7] due to the fact of common EVM sources.
2 E-TFC selection for DC-HSUPA
In DC-HSUPA the UEs available transmit power and data buffer (consisting of packets that are ready to be transmitted) need to be shared amongst the carriers. Given these constraints and the grants on each respective carrier it is possible to distinguish between following three cases (as we described in [1]):
· Grant limited operation where no E-TFCs are blocked due to the power limitation and where the data in the buffer exceeds the amount of data that can be transmitted during a TTI with the existing grants. 
· Buffer limited operation where the amount of data ready to be transmitted is smaller than the amount permitted by the grants (and the available transmit power).

· Power limited operation where the maximum available UE transmit power (accounting for back-off) is smaller than the power that would be required to utilize the grants on each carrier completely.
This contribution evaluates the performance associated with the methods whereby the UE divides its power between the two carriers in grant or power limited operation.

2.1 E-TFC selection for power limited UEs
Having introduced the UE states in the previous section, this section outlines several different E-TFC selection strategies. These strategies are used when new data is transmitted on both cells (note that RAN2 has agreed that when there is a retransmission on one of the carriers the E-TFC selection for the other carrier should be based on legacy single carrier rules). Two classes of algorithms are evaluated:
1. Sequential approaches in which the UE prioritizes one of the carriers (the other carrier is only allocated resources (for E-DPDCH and E-DPCCH) if resources still exists after the first carrier have utilized the power level specified by its serving grant.
2. Parallel approaches where the UE divides its power amongst the two carriers in a way so that the grant utilization level is similar for both carriers.
2.1.1 Sequential approaches

In the simulations presented below the following sequential algorithms are studied:
· Greedy water filling. This approach was discussed in [3] and it is based on that power limited UEs initially allocates its power to the carrier with smallest DPCCH power. Once the grant on that carrier is exhausted the remaining power is allocated to the other carrier.

· Max Scheduled grant. In this approach the UE starts by allocating its transmit power to the carrier with largest scheduled grant. Once the grant is exhausted the remaining power is allocated to the other carrier.

· Max Serving grant. In this approach the available UE transmission power is (as long as possible) allocated to the carrier with largest serving grant. Once the grant is exhausted the remaining power is allocated to the other carrier.
2.1.2 Parallel approaches

For the parallel approaches the total transmission power is mapped to the carriers based on some proportional rule. Given the transmission powers allocated to the two carriers, E-TFC selection is then performed according to legacy rules for each of the carrier using the assigned power (these are denoted P1* and P2* in the following) as a cap on the maximum allowed transmission power for the respective carrier. The following parallel approaches are evaluated:

· Fair sharing. This approach divides the total transmission power equally amongst the two carriers for power limited UEs; i.e. Pi*=min(Pmax/2,Pi) where Pi denotes the power that would be required in order to use the grant on carrier i completely. Note that this approach can result in an allocation where a power limited UE is unable to use all of its available transmission power.
· Proportional scaling based on serving grant. In this approach the UE’s transmit power is divided between the carriers according to the rule Pi*= Pi min(1,Pmax/j Pj) where Pj represents the power that would be required by carrier j in order to use its entire serving grant. This method was discussed in both [1] and [2].
· Proportional scaling based on scheduled grant. In this algorithm the total transmission power is divided in such a way that Pi*= SGi min(1,Pmax/j SGj) where SGi denotes the scheduled grant associated with carrier j.
· Proportional scaling based on the DPCCH power. In this approach the total power is allocated based on the rule Pi*=(1/pdpcch,i)min(1,Pmax/j(1/pdpcch,j)) where pdpcch,i denotes the DPCCH power associated with carrier i. This approach was discussed in [2] and we notice that it can result in that power limited UEs do not utilize their maximum transmission power.
When the transmission power has been divided between the carriers, the E-TFC selection for each respective carrier can be performed based on legacy procedures using P1* and P2* as the maximum powers associated with each respective carrier.
3 Simulation assumptions and results
3.1 Simulation assumptions

The simulation parameters are based on [4]. The most important simulation assumptions are:

· All UEs are DC-HSUPA capable

· A noise rise of 10dB are allowed

· All UEs are scheduled on both carriers

· UEs are assumed to have full buffers

· No effects of higher layers (e.g. TCP) are considered

A comprehensive list of the used parameters is summarized in Table 1 and we note that these assumptions translate into that approximately 25 percent of the UEs being power limited at low loads.
Table 1 Summary of used simulation parameters.

	Parameters
	Values and comments

	Cell Layout
	Hexagonal grid, 19 Node B, 3 sectors per Node B with wrap-around

	Inter-site distance
	1732m 

	Carrier Frequency
	2000 MHz

	Carrier Spacing
	5MHz (Adjacent Carriers)

	Path Loss
	L=128.1 + 37.6log10(R), R in kilometers

	Log Normal Fading 
	Standard Deviation : 8dB

Inter-Node B Correlation: 0.5

Intra-Node B Correlation :1.0
Correlation Distance: 50m 

	Antenna pattern
	3D antennas: Kathrein 742215 with 6 degrees downtilt ( 3 degrees mechanical and 3 degrees electrical)

	Channel Model
	PA3 and VA3

Fading across carriers is completely uncorrelated.

	Penetration loss
	10dB

	Maximum UE EIRP
	24 dBm

	Uplink system noise
	 –103.16 dBm

	HS-DPCCH 
Not explicitly modeled
	CQI Feedback Cycle
	1 TTI

	
	ACK [dB]
	0

	
	NACK [dB]
	0

	
	CQI [dB]
	0

	
	Pr[ACK]/Pr[NACK]
	0.5/0.5

	
	HS-DPCCH information is transmitted on both UL carriers 

	
	(*) HS-DPCCH information is transmitted on a single UL carrier 

	βec/ βc 
	1.6

	Soft Handover Parameters
	R1a (reporting range constant) = 4 dB, 

R1b (reporting range constant) = 6 dB

	Thermal noise density
	-174 dBm/Hz

	Timing
	The two carriers have the same time reference and their downlinks are synchronized. 

	Serving cell
	The serving cells on both carriers belong to the same sector. 

	Traffic model
	Full buffer model 

	UE distribution 
	Uniform over the area

	Number of UEs per sector
	0.1, 0.2,  0.4, 1, 2, 4, 6

	NodeB Receiver
	Linear MMSE (2 antennas per cell)

	Channel Estimation
	Realistic

	Uplink HARQ
	2ms TTI, Max # of transmission =4, termination target depends on TBS

	Closed Loop Power Control Delay
	1 slot 

	E-DCH Scheduling Delays
	Period
	2ms

	
	Uplink SI delay
	6 slots

	
	DL Grant delay
	As per 25.321

	Scheduling Type
	Equal rate 



3.2 Simulation results

This section presents the performance associated with the E-TFC selection strategies described above. Results are shown for both the Ped-A and Veh-A channel and we highlight that the noise rise budget (RoT) is 10dB. We also notice that all UEs are assumed to be capable of utilizing DC-HSUPA (i.e. no legacy UEs exists).

Figure 1 and Figure 2 illustrate the average user throughput that can be achieved with the E-TFC selection strategies. Comparing the schemes the following observations can be made:
· The difference in system performance between the different algorithms is marginal. While greedy water filling offers highest performance for the Ped-A channel (see Figure 1), proportional scaling based on the serving and scheduled grant offers best performance for the Veh-A channel (see Figure 2).

· The performance difference associated with the different schemes diminishes as the UE density increases. This is an effect of that the scheduling headroom for a particular UE reduces with increasing user density; i.e. the UEs become increasingly likely to be grant limited.  

With respect to the first of the two questions stated in the introduction - i.e. whether any of the schemes can provide significantly higher system efficiency – it is clear that with respect to L1 system throughput none of the proposed schemes is able to outperform the others.
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Figure 1: Average user throughput as a function of the number of users per cell for a Pedestrian A channel. In the simulations a site-to-site distance of 1732 m and a 10 dB indoor penetration loss are assumed.
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Figure 2: Average user throughput as a function of the number of users per cell for a Vehicular A channel. In the simulations a site-to-site distance of 1732 m and a 10 dB indoor penetration loss is used.
In the following we turn to the second question, i.e. whether the resulting power difference between the two carriers that power limited UEs experience is significantly higher for some of the algorithms. Figure 3 and Figure 4 present the power difference (in dB) that power limited UEs experiences between the two carriers (both the Ped-A and the Veh-A channel are  considered). From these figures following observations can be made:

· All sequential approaches result in larger power differences between the two carriers (as compared to the parallel approaches). To exemplify, for the Ped-A and Veh-A channel the median power difference between the two carriers is around 10 dB and 15 dB for greedy water filling, respectively. The other sequential approaches are associated with even larger power differences. As noted in [5][6]
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[7] too large power differences could be harmful from a UE transmitter perspective.
· Comparing the parallel approaches with each other it is noticeable that fair sharing and proportional scaling with respect to the scheduling grant are associated with the smallest power difference. It is, however, also worth noticing that proportional scaling with respect to the DPCCH power and serving grant experience significantly smaller difference than the sequential approaches.
With respect to the second question (i.e. the resulting power difference between the two carriers) we can hence conclude that sequential approaches (including greedy water filling) results in larger resulting power difference.
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Figure 3: Cumulative distribution function of the power difference between the two carriers for power limited UEs. Note that the methods wherein power is allocated to the carriers sequentially exhibit larger power difference than the methods wherein parallel approaches are used.
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Figure 4: CDF of difference in carrier powers for a case where there is 0.1 users per cell. Note that the methods wherein power is allocated to the carriers sequentially exhibit larger power difference than the methods wherein parallel approaches are used.
4 Discussion
The results presented in previous section suggest that all studied algorithms for E-TFC selection are associated with similar system performance. Hence the average user performance can be said to be insensitive to the choice of E-TFC selection algorithm. As both the sequential and parallel algorithms have similar complexity other aspects should be considered when evaluating the merits of the algorithms. One difference between sequential and parallel algorithms that was illustrated was the fact that sequential algorithms resulted in a larger power difference between the carriers. Another difference between sequential and parallel algorithms is that the UE behavior (and thus also interference) is more predictable when a parallel algorithms is used. This is because the UE relying on a parallel approach is given less flexibility, which results in a more predictable behavior.
From a network resource utilization point of view, one of the main problems is to ensure that radio resources are used efficiently so that end-user and system performance can be maintained for time-varying load and interference. In fact, the current network operation of E-DCH has shown that one of the most challenging problems is to control (and avoid) interference overshoots during which the total received power as measured by the NodeB increases rapidly. To handle this problem power and load control algorithms are used and in order to maintain a sufficient QoS these algorithms typically need to introduce considerable margins. The size of these margins will depend on the traffic and interference variations and in general the margins increase with the variability of the interference (and traffic). A consequence of this is that the system performance may benefit from an E-TFC selection algorithm that tries to limit these variations.
Another aspect that should be considered is that in order to benefit from sequential E-TFC selection algorithms the UE needs to have relatively high grants (so that it is not grant limited). However, to ensure that a sufficiently low noise rise can be maintained also in extreme cases, the scheduler would need to consider a worst case scenario where the majority of UEs chose to transmit on the same carrier when assigning the grants on the respective carriers. Thus the scheduler may need to assign smaller grants in order to cope with the unpredictability of UEs. In the prolonging, the reduced grants can thus result in that the overall utilization level of radio resources is reduced. 

Yet another aspect to consider is the effect of a varying traffic pattern. If the UE regularly succeeds to empty the majority (or even all) of its transmission buffer a highly varying traffic pattern in the used transport format can be expected. Thus the available grant on both carriers will often exceed the data available in the transmission buffer. For sequential approaches the variation in used transport format for the second carrier (which only is used if the grant on the primary carrier is completely utilized and power still remains) can be expected to be larger than for parallel approaches. In fact, the used transport format may vary from the highest grant (or the one allowed by the remaining power) to the transport format needed to empty the buffer – occasionally followed by a DTX on E-DCH. Both these variations may result in less predictable interference and grant utilization (The variability in transport format can be expected to increase if the granted total bit rate is high since this increase the probability of emptying the buffer or entering a power limited state.).
One approach for achieving a more predictable UE behaviour would be to let UEs with grants on both carriers always utilize them to a similar degree. Aside from making the interference more predictable this approach would reduce the power difference between the two carriers (as compared to sequential algorithms), and reduce the utilization level of power inefficient (high-order) modulation schemes.
5 Conclusions 
This contribution has evaluated the performance that can be achieved with several different methods for E-TFC selection by means of full buffer simulations in a scenario where all UEs utilize DC-HSUPA. Based on the presented results, the main conclusions are:
· The difference in average user throughput in insensitive to the E-TFC selection strategy (and the algorithm offering the best performance is dependent on the exact scenario)

· Sequential approaches for E-TFC selection result in larger power differences on their respective carriers.
If RAN1 agrees to these conclusions, we propose to communicate these findings to RAN2.
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