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1. Introduction

Scheduling of UE transmissions is an integral part of the study item “Uplink Enhancements for Dedicated Transport Channels” [1]. This is motivated by the system capacity gains that scheduling can achieve at high loads for packet data services. Unlike the downlink situation, where it can be shown that time scheduling (TDMA) is optimum in such situations, it is far from clear which scheduling approach would yield the highest capacity gains for the uplink. When the offered traffic load is low, it is well known that the ALOHA protocol, where UEs transmit whenever they have data to send, is optimum.

This contribution considers the advantages and disadvantages of the two fundamental approaches to CDMA uplink scheduling, and includes a text proposal on scheduling for the technical report.

2. CDMA Uplink Scheduling Approaches

Obviously any scheduling scheme selected for the [E-]DCH must exist within the framework imposed by the existing W-CDMA releases. However, there is some benefit in first considering scheduling mechanisms at a more generic level, since this will provide a guide as to the sort of scheme that should be adopted for W-CDMA. If we consider an interference limited (rather than code limited) generic CDMA system, there are two fundamental approaches that can be used for scheduling transmissions on the uplink – rate scheduling, where all uplink transmissions occur in parallel, but at a low enough rate that the desired noise rise at the NodeB is not exceeded, and time scheduling, where only a single UE that has traffic to send is allowed to transmit at any given time. These two fundamental approaches are considered below, where the advantages and disadvantages of each are analysed. In addition, the possibility of a hybrid approach, whereby a subset of the active UEs are allowed to transmit at any given time, is also considered.

2.1 Rate Scheduling

Rate scheduling is achieved by limiting the maximum data rate at which each UE is allowed to transmit in order to limit its contribution to the overall noise rise. The data rate can be varied by changing either the spreading factor or code rate, or a combination of both. Since the uplink in W-CDMA is non-orthogonal, rate scheduling equates to receive (and hence transmit) power limits for each UE, which can readily be achieved using the existing TPC mechanism. Rate scheduling is the current approach that has been implemented in W-CDMA, though the rate at which a given UE transmits is decided autonomously by that UE from the TFCS signalled to it by the RNC, rather than being directed by the NodeB.

The main advantages of rate scheduling are –

· Interference diversity to neighbouring cells is maintained. Interference diversity is the effect whereby neighbouring NodeBs see a small amount of interference from each of a large number of UEs, rather than a large amount of interference from each of a small number of UEs. This tends to result in a small variance in intercell interference around the average value, since changes in the transmit power of any given UE will have only a small effect on the total. Maintaining a small variance in intercell interference allows the cell admission control algorithms to more accurately account for the reduction in cell capacity due to intercell interference, thus increasing overall system capacity. Where the neighbouring cells are carrying predominantly packet switched traffic, this effect is less important since the cells can more readily adjust the offered traffic load to match the instantaneous cell capacity (albeit with increased delay). Where the cells are carrying circuit switched or other delay critical traffic, however, this effect can have a significant impact on the overall grade of service (GOS).

· Power control of the UE is likely to be more accurate if data transmission is continuous (albeit at variable rate) rather than intermittent. Although the [E-]DPCCH will be maintained from each UE, allowing SIR based power control to continue, the SIR target itself is driven by the quality of the data transmission, which obviously can only be measured when data is being transmitted.

The main disadvantage of rate scheduling is –

· Because the uplink is non-orthogonal, UE transmissions will interfere with each other. Hence the required transmit power will be higher than would have been required if only a subset of the active UEs were allowed to transmit at any given time. This will result in an overall rise in both the intracell and intercell interference generated by the cell for a given throughput, particularly if the maximum noise rise has been selected such that the NodeB is operating in the highly non-linear part of the load curve.

2.2 Time Scheduling

Time scheduling is achieved by restricting transmissions to a single UE at any given instant. This UE is given the full uplink resources, and can thus transmit at a higher data rate, and hence with a higher transmit power, than would have been the case if rate scheduling was used. In W-CDMA, time scheduling under the control of the RNC can only currently be achieved for W-CDMA using higher layer signalling to add and remove non-zero data rates from the TFCS. In practice, pure time scheduling is unlikely to be used for a system such as W-CDMA which supports simultaneous UE transmissions.

The main advantages of time scheduling are –

· The intercell interference generated by the cell is reduced, since the number of transmitting UEs is restricted to one and hence the uplink interference affecting this UE at the NodeB is less. In addition, since the average UE transmit power is lower than it would otherwise have had to have been, the power consumption in the UE is reduced, thus extending battery life. Note, however, that when the UE is transmitting, it will normally transmit with a higher power than it would have using rate scheduling, since the data rate will be higher.

· The overall packet delay will normally be less than that which would be achieved with rate scheduling, since the rate at which a UE is allowed to transmit is higher. Only if the UE experiences significant delay in obtaining permission to transmit will the packet delay be higher.

· Time scheduling allows the possibility that channel quality information be taken into account when selecting which UE is allowed to transmit. Although this has no direct benefit to the cell capacity, since poor channels are compensated for by the power control algorithm, it will result in a reduction in intercell interference and UE power consumption, since the required transmit power during periods of good channel quality will be less.  During periods of bad channel quality, when the required transmit power would be high, the scheduler can prevent any transmissions at all from the UE.

Note that, in contrast to the HSDPA downlink, the uplink is power controlled, and hence the channel state is better known to the transmitter (UE) than the receiver (NodeB). If the scheduling is controlled by the NodeB, there will be a delay in obtaining this information, which will reduce its usefulness to the scheduling algorithm.

The main disadvantages of time scheduling are –

· Interference diversity is lost, since only a single UE is transmitting with a higher power than would be the case if rate scheduling were used. This will tend to reduce overall system capacity where a high proportion of circuit switched or delay critical traffic is carried by the network.

· Uplink power control is likely to be less accurate, since the data part of the uplink transmission is bursty, rather than continuous. This means that outer loop power control will only be driven intermittently by quality measurements on the uplink data. As noted above, SIR-based inner loop power control will continue using the [E-]DPCCH.

· Uplink capacity can be wasted when the channel is allocated to a UE which has only a small amount of data to send. This effect can be minimised by specifying a minimum buffer requirement before access to the channel can be sought by the UE but, in practice, some mechanism to override this must be provided to avoid excessive delay to small packets.

2.3 Hybrid Rate/Time Scheduling

In a CDMA system, it is possible to use a hybrid of rate and time scheduling, whereby transmission at any given time is restricted to a subset of the active UEs. Such and approach will exhibit the same advantages and disadvantages of both rate and time scheduling, though to a lesser degree. In particular –

· Interference diversity will be better than for pure time scheduling, but worse than pure rate scheduling

· Intracell interference will be better than for pure rate scheduling, but worse than pure time scheduling (which would orthogonalise the uplink).

In the limit, of course, a hybrid scheme could be made to operate either as pure rate scheduling or pure time scheduling though, of course, such flexibility comes at the cost of increased signalling and implementation complexity. Hybrid rate/time scheduling can only currently be achieved for W-CDMA using higher layer signalling.

3. Analysis of Existing Two Threshold Proposal

The current Nokia proposal [11] for EUDTCH scheduling is primarily a rate scheduling proposal, though a time scheduling component could be incorporated by limiting a subset of the active UEs to use only the null TFC. This would not be a true time scheduling component, however, since the rate grant signalling is incremental (“up” or “down”), and hence it takes a series of rate grant commands to move a UE from the null TFC to the highest TFC.

4. Discussion

As discussed above, both rate, time and hybrid rate/time scheduling have their advantages and disadvantages, and it is not clear which will be optimum in any given scenario. The issue has attracted increasing attention in the literature (see, for example, [3-9]), but no definitive consensus has been reached as to which approach is better. A number of studies (e.g. [3, 5]) have concluded that rate scheduling is preferable under some circumstances, and time scheduling in others. In particular, the optimum approach appears to be dependent on the service characteristics and the propagation environment. However, no study appears to have addressed all of the issues discussed above. In particular –

· Theoretical analysis tends to ignore effects such as interference diversity and power control accuracy. Simulations are required to properly evaluate scheduling efficiency.

· To properly investigate the effect of intercell interference and the loss of interference diversity on system capacity, system wide simulations with a mix of both circuit and packet switched traffic are required. Several studies have been restricted to looking at homogeneous traffic mixes and/or single cell scenarios, and it is not clear that conclusions drawn from these will be applicable to the system overall.

· Power control will not be perfect, especially if the data transmissions which drive the outer loop power control are bursty rather than continuous. Hence the effect of the power control algorithms need to be modelled in detail.

· Since the efficiency of the scheduling algorithm is dependent on the characteristics of the services being supported, appropriate mixes of the services defined in [10] should be modelled.

· Any scheduling approach that makes use of channel quality information must also consider the effect of any delay in this information becoming available to the scheduler.

5. Conclusions

For a generic interference limited CDMA uplink, there are two fundamental approaches to scheduling UE transmissions – rate scheduling and time scheduling. A hybrid of these two approaches is possible, though a hybrid mode may not necessarily be the optimum. Indeed, it is not clear that any single scheme can be considered optimum, since published studies suggest that the optimum approach is dependent on environmental factors such as the propagation environment and service mix. As was discussed above, both approaches have there advantages and disadvantages, and it is not clear which will be more significant when applied to the W-CDMA system.

In view of this, it does not make sense to limit the options for scheduling at this early stage. A requirement that scheduling options be developed to the level of detail contained in [11] before being incorporated into the TR would restrict the opportunities to refine more generic proposals with the benefit of simulation results. Obviously, proposals that allow simulation results to the level of detail required in Annex A of the TR would eventually be required, but this should not be a pre-requisite for adopting an initial proposal within the TR.

6. Text Proposal for TR 25.896

------------------ Start of text proposal for Section 7.1 of TR 25.896 ----------------------------------------

7.1 Scheduling <NodeB controlled scheduling, AMC>

Two fundamental approaches exist to scheduling UE transmissions for the [E-]DCH – rate scheduling, where all uplink transmissions occur in parallel, but at a low enough rate that the desired noise rise at the NodeB is not exceeded, and time scheduling, where only a single UE that has traffic to send is allowed to transmit at any given time. A hybrid of these two approaches is also possible and, indeed, most practical proposals will be hybrids, though they will tend to favour one or other of the fundamental approaches.

Published studies have shown that, unlike the downlink where time scheduling can be shown to be optimum, no one approach will be optimum for all scenarios in the uplink. Hence the preferred scheduling solution may not become clear until other system features have become better defined and initial simulation results are available. In view of this, the following proposals are specified to differing levels of detail, which will subsequently be refined as the [E-]DCH itself becomes further refined and simulation results become available. Part of this process of refinement is likely to occur after the TR has been finalised and any subsequent work item started.
7.1.1
Two Threshold Method for Node B Controlled Scheduling

------------------ End of text proposal for Section 7.1 of TR 25.896 -----------------------------------------
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