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1. Introduction

Scheduling is one of the main principles considered for the enhanced uplink. Although the scheduling algorithm as such is likely to be implementation dependent, the control signaling needs to be specified. Hence, some basic views on the scheduling strategy need to be discussed to ensure that the signaling can support the relevant schemes. The following contribution aims at outlining the requirements on the scheduling scheme and to propose a possible scheduling structure to be used for the E-DCH. 

2. Scheduling Schemes

In the uplink, the common resource shared among the UEs is the interference headroom. The amount of common uplink resources a UE is using depends on the TFC the UE is using for the transmission. Generally, the higher the data rate, the higher the interference and thus the higher the resource consumption. The term “Node B controlled scheduling” denotes the possibility for the Node B to control, within the limits set by the RNC, the set of TFCs from which the UE may choose a suitable TFC (or, equivalently, the uplink resource consumption). By introducing the possibility for the Node B to quickly limit the set of TFCs allows for a more generous admission of high data rate radio bearers.

During the study item phase [1], two fundamental approaches to scheduling were identified:

· Rate scheduling, where all UEs that have data to send transmit in parallel but at a low enough rate such that the desired noise rise at the Node B is not exceeded.

· Time-and-rate scheduling, where theoretically only a subset of the UEs that have traffic to send are allowed to transmit at a given time, again at data rates such that the total noise rise at the Node B is not exceeded.

Note that there are a large amount of commonalities between the two approaches. Hybrids of the two schemes are possible, where different control signal proposals tend to favor one or the other of the approaches. The two approaches have different properties, both with their own pros and cons. Time-and-rate scheduling generally provides finer control of the interference situation and allows the Node B to exploit fast channel variations, while rate scheduling (depending on the control signaling design) may require less overhead and may be preferable is scenarios where a large number of users are transmitting at a low data rate. Both rate scheduling and time-and-rate scheduling were considered in the study item phase and a signaling scheme supporting both strategies while keeping simplicity and effectiveness in mind allows for implementation of scheduling strategies optimized for different scenarios.

Furthermore, the following two aspects are worth noting:

· Not all transmissions can be scheduled. Control signaling and voice and other services using DCHs will be non-scheduled.

· The final TFC selection resides in the UE. The power situation at the time of transmission is only known to the UE and depends on, e.g., UE power limitations and DCH transmission activity. The network can thus only provide the UE with an upper limit of the resource usage

The scheduling schemes can all be viewed as management of the TFC selection in the UE and mainly differs in how the Node B can influence this process and the associated signaling requirements. Note that it is natural to assume two separate TFCSs, one for each of the two CCTrCHs in use, and thus, there are two TFCs active at a given time (assuming simultaneous activity on the E-DCH and the DCHs). Since scheduling is only applied to the E-DCH, only the TFCS (and TFC) related to the E-DCH is considered in the follwing. 

The set of TFCs from which the UE may choose a suitable TFC is denoted “Node B controlled TFC subset” in the following. The UE selects a suitable TFC from the “Node B controlled TFC subset” employing a TFC selection algorithm. Although there are two separate TFCSs, the power resource is shared between the two, which must be taken into account by the TFC selection algorithm, e.g., as discussed in [3]. Which TFCs that are part of the “Node B controlled TFC subset” is determined by scheduling control signaling. In Figure 1, the different (sub)sets are illustrated.

The main difference between scheduling strategies is how updates to the “Node B controlled TFC subset” are controlled. In principle, an update needs to specify

· The new “Node B controlled TFC subset”

· The start time and the duration for which the update is valid

· The “Node B controlled TFC subset” to use when the scheduling period has expired.

This information can either be signaled, deduced from rules mandated in the specifications, or combinations thereof. The main difference between different scheduling approaches therefore lies in the signaling and the rules associated with the signaling.
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Figure 1: Illustration of different sets of TFCs in the E-DCH TFCS.

3. Requirements

The scheduling signaling scheme selected for the E-DCH should allow implementation of scheduling mechanism being able to fulfill the following requirements:

· “Immediate” access for the UE to the available uplink capacity, at least in low load situations. Packet data applications are typically bursty in nature with large variations in their resource requirements. Any request/grant phase, if used, must be fast in order not to unnecessarily degrade application or to negatively interact with higher layer protocols such as TCP.

· Allow for rapid reaction on interference variations. One of the targets with Node B controlled scheduling is to improve the radio resource utilization. The more unpredictable the interference variations in the cell are and the slower the scheduling mechanism is able to respond, the larger the interference margins have to be and the smaller the efficiency in the radio resource utilization.

· Allow for tight and well-defined control of the UE uplink transmission activity. In addition to controlling the uplink load, this may also prove useful for controlling the load in the downlink from, e.g., ACK/NAK signaling.

Additionally, interaction with hybrid ARQ and operation in soft handover need to be considered.

· Hybrid ARQ retransmissions may either be scheduled or transmitted autonomously of the scheduling decisions. As the Node B is controlling the transmissions of ACK/NAK, it has some knowledge of the interference a retransmission will cause and non-scheduled retransmissions may be preferable.

· Soft handover operation in soft handover should at least take into account that the UE may be in soft handover even if only a single Node B is responsible for the scheduling commands.

4. Control Signaling

Control signaling alternatives can be grouped according to whether the limit on resource usage is specified in absolute or relative terms:

· Absolute. An absolute update of the “Node B controlled TFC subset” is included in the signaling control message. Explicit signaling typically requires several bits in the control message.
· Relative. A relative update of the “Node B controlled TFC subset” is included in the signaling control message, e.g., by using a single bit for “up/down” (“increase/decrease”), similar to the power control procedure.
The signaling can either be carried on a shared or dedicated channel:

· Shared channel(s). This alternative can be used for absolute and relative updates. If updates of individual UEs are to be supported, each signaling control message need to include a UE identity. 
· Dedicated channel. This alternative is in practice limited to a small number of bits, possibly only one  bit relative update, due to the limited number of bits possible to allocate on a dedicated channel without a significant impact on the downlink channelization code usage.
Absolute signaling allows for rapid changes in the data rates used by the E-DCH, while relative signaling typically requires several signaling messages to achieve the same change. Hence, to meet the requirement of “immediate” access to high data rates set by most packet data applications and to allow for rapid reaction to interference variations, the signaling scheme adopted should support absolute updating of the “Node B controlled TFC subset” using a shared channel. Relative updates on dedicated channels can be considered as a complement, if at all necessary.

In the following, a signaling structure with absolute updates, or “resource grants”, transmitted on a shared channel is outlined.

4.1. Downlink – Resource Grant

To fulfill the requirements of a scheduling scheme, a structure with a common “resource grant channel” carrying the resource grants is proposed. For each uplink TTI, one resource grant is transmitted, indicating to the UE(s) the allowed resource usage and thus determining the “Node B controlled TFC subset”. At least one resource grant channel is configured in the cell, but multiple grant channels may be useful, e.g., for support of different priority classes or if multiple UEs are to be scheduled in parallel using time-and-rate scheduling. Which grant channels a UE shall monitor is determined by higher layer signaling. A similar approach was adopted for HSDPA, where the UE monitors one or several HS-SCCHs to receive the control information.

A resource grant (at least) consist of

· Identity of the UE(s) allowed to transmit need to be signaled. Note that the identity could indicate a group of UEs rather than a single UE if beneficial for a certain scheme.
· Maximum resources a (scheduled) UE may use, (max. This is preferably expressed in terms of the maximum E-DPDCH/DPCCH power ratio the UE may use. Specifying the maximum resource utilization in terms of a power ratio instead of explicitly indicate a set of allowable TFCs results in a generic signaling structure in which the Node B not necessarily has to keep track of the different TFCSs configured in different UEs (although there is nothing that prevents the Node B scheduler to take this in to account in the scheduling decision). Furthermore, received power is the shared resource and the quantity of interest from an interference perspective. Each TFC in the UE has a E-DPDCH/DPCCH power offset associated and by comparing this offset with the limit signaled by the resource grant, the UE can determine the “Node B controlled TFC subset”. 

In addition, the UE need the information below to operate the scheduling scheme. Note that this information may not have to be signaled on the resource grant channel, but can be set by higher layer signaling or be given implicitly by scheduling rules. 
· Start time of the resource grant, i.e., at which point the grants start to be valid. The start time is preferably defined as the start of the upcoming (sub)frame in the uplink.

· Duration. The duration of the period in which the grant is valid. Several possibilities can be envisioned:  one (sub)frame, until the next resource grant is received, or a period indicated either in the Node B signaling or previously set by higher layer signaling. Different rules could also be used to determine the duration.

· Autonomous resource utilization, (autonomous, to indicate the maximum amount of resources a non-scheduled UE may use. For systems where no DCH is configured, (autonomous>0 is required to support SRBs, while for systems where a DCH is configured, (autonomous=0 can be considered. In the former case, (autonomous is essentially given by the Rel5 minimum set.

Additionally, rules how the UE shall behave in relation to reception of a resource grant are obviously required.

4.2. Uplink – Resource Request

To allow UEs to request resources in situations when immediate access to the uplink resources is not allowed, e.g., in heavily loaded situations, uplink control signaling is required. In its simplest form, the resource request is a single bit, indicating whether the UE can benefit (and use) more resources (i.e., higher data rate) than currently used or not. More elaborate request messages are also possible, e.g., indicating the buffer status, minimum recommended E-DPDCH/DPCCH power offset and/or the available power resources in the UE. 

5. Operation in Soft Handover

Schemes where multiple cells control when a UE is transmitting in time-and-rate scheduling tend to be very complex. Hence, it is recommended that one serving cell is responsible for (at least) the time component of the scheduling operation. 

Any scheduling scheme must consider the interference caused to neighboring cells. Typically, this applies primarily to UEs in soft handover, but, depending on the soft handover thresholds set, may also be relevant for UEs “almost” in soft handover, i.e., UEs that are sufficiently far out (in the radio sense) in the cell to create significant interference in neighboring cells but not sufficiently far out to enter soft handover. Several possibilities to control the interference generated into other cells could be envisioned:

· Receive (max not only from the serving cell but also from neighboring cells. This would allow neighboring cells to control the interference level limit the interference caused in neighboring cells The power required by the resource grant channel in order to reach sufficiently far into the neighboring cells needs further consideration.

· Limit the ( UEs in soft handover may use to a sufficiently low value in order not to cause significant interference into neighboring cells. This is a simple approach but the impact on user performance needs to be considered.

· Limit the (max when scheduling users with better uplink conditions to a non-serving cell than to the serving cell. One possibility to detect this condition is by comparing the received SIR to the SIR target. If the received SIR is below the SIR target for a longer period of time, the uplink to some other cell in the active set is on average better than the uplink to the serving cell.

· Scale the ( as a function of the (relative) CPICH strength from neighboring cells, either only for high data rates or for all rates. This approach has the advantage of working also for UEs “almost” in soft handover.  

6. Example

To illustrate some of the possibilities the signaling structure above allows, an example is given below. The structure allows for time-and-rate scheduling in a straightforward manner. In addition, the scheme can also support schemes allowing the UE to immediately start transmitting at high data rates without a prior request-grant phase. This ensures a rapid ramp-up of the data rate and the possibility for efficient usage of the uplink resources, especially for bursty applications at low system loads. This can be achieved by allowing the identity carried on the resource grant channel take two additional values, BUSY and NOT_BUSY, in addition to any of the identities of the UEs controlled by the scheduling Node B. This results in a single, unified scheduling mechanism that allows both rate scheduling and time-and-rate scheduling.

In the example illustrated in Figure 2, the UE with identity k check the identities (ID) on the resource grant channel and interpret the grants according to the following rules:

· if ID=k or ID=NOT_BUSY then
// The UE is scheduled or the cell is lightly loaded

· The UE may transmit using any transport format requiring ( (max
· if ID=BUSY then

// The cell is fully loaded

· if the UE was transmitting using (k then
· The UE may continue to transmit with ( min((max, (k)

· else
· The UE may transmit using  ((autonomous
· otherwise


// The UE is not scheduled or has failed to receive the grant channel
· The UE may transmit using ((autonomous
The mechanism outlined above allows UEs to rapidly use high data rates and provides mechanisms to limit the cell load. To allow for a new UE to request resources when the cell is busy or when other users are scheduled, a resource request signal is used. The network can respond to the resource request in different ways, e.g., by explicitly scheduling the UE sending the request or by lowering the amount of resources UEs may use by reducing (max and temporarily lower the busy condition to let a new user into the system. In the scheme described above, transmission of a scheduling request may not be necessary in lightly loaded scenarios (i.e., when NOT_BUSY is transmitted on the grant channel) as UEs may start to transmit autonomously on the E-DCH in these situations.

Note that the system in this example equally well could be run in a purely time-scheduled fashion by using only the explicit UE identities and not the NOT_BUSY value on the grant channel. The scheduling strategy depends on the network implementation and by including the NOT_BUSY condition as described above, additional flexibility in the choice of scheduling strategy is provided. 
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Figure 2: Illustration of the busy indicator operation. Note that the timing has been simplified in the figure (UEs react immediately to the scheduling commands, Node B react immediately to load changes) to highlight the principal operation. Also, the presence of DCH transmission has not been incorporated in the figure.

The numbered cases in Figure 2 correspond to the following examples:

1. Low load situation. The cell is NOT_BUSY when data arrives to UE1, which can start to transmit immediately. Node B sets the BUSY indicator to prevent other users start to transmit (at high data rates).
2. UE1 is active and uses the whole cell capacity. The resource grant ID is set to BUSY. UE2 sends a resource request when data arrives, but is not allowed to transmit as the state is BUSY. When UE1 is finished, the Node B sets the ID on the grant channel to NOT_BUSY to allow UE2 to start transmitting.
3. The Node B responds to the resource request from UE3 by reducing (max and temporarily lowering the busy indicator. UE2 and UE3 transmit in parallel.
4. The Node B transmits “2” to stop UE1 transmission and start UE2 transmission (time-and-rate scheduling). The decision to go for time-and-rate scheduling could, for example, be based on resource requests received from multiple UEs (high load).
7. Conclusions

Requirements on the scheduling schemes have been discussed and a possible scheme fulfilling these requirements has been outlined. It is recommended to adopt the following working assumptions for the control signaling structure:

· Allow for time-and-rate scheduling.

· Allow for rapid changes to the amount of resources a UE may use.

· Allow for immediate access to the uplink resources at low loads.

· Use of one (or several) common resource grant channel(s) to carry the resource grants.

· Support for uplink resource requests.

· Indicating the maximum amount a resources a UE may use through the E-DPDCH/DPCCH power ratio 

· When time-and-rate scheduling is used, one serving Node B is responsible for when a UE is transmitting.
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