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1
Introduction

In the uplink of wireless data communication systems, the allocation of radio resources by a cell specific packet scheduler usually makes use of two different approaches:

-
A buffer-blind approach: the packet scheduler typically operates based on past observations of the level of utilization of the allocated radio resources;
-
A buffer-aware approach: packet scheduling is essentially based on buffer status information signalled from the mobile terminals.

A buffer-aware approach typically improves the trunk efficiency, and hence the uplink throughput performance. On the other hand, buffer status reports introduce signalling overhead. The overall gain from buffer-aware scheduling compared to buffer-blind scheduling strongly depends on (i) the traffic characteristics, as well as on (ii) the multiple access technique. In general:

i.
The more bursty and unpredictable the traffic, the higher the gain from buffer-aware scheduling. 

ii.
A high utilization of the allocated radio resources is essential in order to achieve high scheduling performance in presence of orthogonal multiple access schemes. Note that the multiple access technique which has been selected in 3GPP for E-UTRAN uplink (Single Carrier FDMA) is an orthogonal scheme (i.e. no intra-cell interference).

For all these reasons, buffer report schemes to support uplink packet scheduling are an important feature to be discussed in the standardization process of E-UTRAN uplink.  

2
Background
Buffer status reports (which are elsewhere also called capacity requests or bandwidth requests) are generally used in data communication systems to support uplink packet scheduling decisions. Some examples can be found in UTRAN High Speed Uplink Packet Access (HSUPA) [4], as well as in a few proposals for E-UTRAN uplink (see e.g. [1]).

When designing the optimum buffer reporting scheme for E-UTRAN uplink, the following issues should be taken into account: 

-
Buffer reports are needed to achieve high radio resource utilization, hence high scheduling performance;
-
Separate buffer status reports for data flows with different QoS characteristics are needed to support QoS-aware radio resource allocation in E-UTRAN uplink;
-
The overhead from buffer reports needs to be minimized since it directly affects the uplink capacity;
-
The buffer reporting scheme used in E-UTRAN uplink should be flexible enough to support different types of services. E.g. VoIP needs less buffer reports (in principle no buffer reports) than interactive gaming or instant messaging. Therefore, specific buffer reporting parameters should be configurable per UE.

The buffer reporting scheme proposed in this contribution tries to find a general solution that take into considerations all the above-mentioned issues. However, some of the details are left for further study.
3
Proposed buffer reporting scheme for E-UTRAN
Designing a buffer reporting scheme for the uplink of a mobile data communication system typically consists of:

1.
Defining the format of a buffer status report: how is a buffer report actually transmitted over the air interface, and what is the associated delay?

2.
Defining the content of a buffer status report: what is the actual information contained in a buffer status report? 
3.
Defining the buffer reporting criteria: on which circumstances should buffer reports be signalled?

3.1
Signalling of buffer status reports
As previously stated, an important issue to be addressed is how buffer status reports are signalled over the air interface. In principle, three options exist: (i) PHY signalling, (ii) MAC signalling, and (iii) RRC signalling. 

In HSUPA [4] the scheduler is located in the Node-B and one of the main reasons for having the happy bit (very small Layer-1 information) was to get an instantaneous snapshot of the user requirements regardless of the SHO situation. However, PHY signalling introduces a fixed overhead. On the other hand, with MAC and RRC signalling overhead is only introduced when a buffer status report is transmitted. In E-UTRAN both MAC and RRC protocols are terminated in the eNB. Since the packet scheduler is in the MAC layer and since there is no SHO, MAC signalling seems to be the natural solution. In fact, buffer status reports carry information on the status of the MAC transmission buffers in the UE. Using RRC signalling would require exchange of information between MAC and RRC both at the UE and at the eNB. This implementation increases the complexity and the signalling delays while not bringing any clear advantage (neither from a UE nor from a network perspective). 
Using MAC signalling, the exchange of buffer status information between the UE and the eNB is efficiently encapsulated at Layer-2. MAC signalling is therefore proposed as the most optimal solution for the transmission of buffer status reports. This is also in agreement with the proposal in [2].
Proposal 1: use MAC signalling for buffer status reports.

3.2
Buffer status reports
The buffer reporting scheme for E-UTRAN uplink proposed in this contribution makes use of two types of reports: absolute and priority-based buffer status reports.
3.2.1 Absolute buffer status reports

The information contained in an absolute buffer status report consists of (i) an identifier of the logical channel the buffer report refers to, and (ii) a corresponding data amount indicator. The basic structure of an absolute report can be illustrated as in Figure 1. Note that the size of the data amount indicator used in HSUPA is approximately 5-6 bits [3].
	Logical Channel 
Identifier
	Data Amount 
Indicator


Figure 1: Information fields in an absolute buffer status report
Similar buffer reports are also used in other wireless communication systems. However, for very bursty traffic profiles and a high number of logical channels per UE, the overhead from absolute reports can become quite significant. A special type of absolute report could be defined to signal the overall UE buffer occupancy, though in this case no QoS differentiation is possible.
In HSUPA these issues have been taken into account by introducing the Scheduling Information [4]. The Scheduling Information is MAC signalling carrying information on both the total buffer occupancy and on the amount of data available from the highest priority logical channel. This choice was based on the assumption that when the UE maximizes the transmission of highest priority data it is enough for the Node-B packet scheduler to know the total buffer status and the portion of highest priority data that sits in it. 

In E-UTRAN the combination of short TTI length and high bit rate allows for fast QoS-aware scheduling to be introduced. In the uplink, the Scheduling Information as defined for HSUPA presents two drawbacks which could prevent such a scheme to be used:

-
Though in HSUPA the Scheduling Information can partly support QoS-aware scheduling since it allows differentiating between high-priority data from different UEs, in practice no diversification is possible between low-priority data;

-
The overhead from frequent transmission of the Scheduling Information (which would be needed to support fast QoS-aware scheduling) is quite significant. In fact, the Scheduling Information also includes an identifier of the highest priority logical channel and a UE Power Headroom indicator, for a total of approximately 18 bits [3].
In order to overcome these limitations, for E-UTRAN uplink we propose to introduce a new type of buffer status report which reduces the overhead in uplink, while at the same time allowing a better diversification between data with different scheduling priorities.

3.2.2
Priority-based buffer status reports
A priority-based buffer status report contains separate information on the amount of data in each traffic flow. A traffic flow is obtained by summing all the data from the logical channel flows characterized by the same traffic priority parameter. The traffic priority is a Layer-2 QoS parameter used to distinguish between different types of data traffic (e.g. critical upper layer signalling information from real time and non-real time data). A specific number of bits are used to signal the status of each traffic flow. An example of a priority-based buffer status report using 2 bits per traffic priority is illustrated in Figure 2. 

Figure 2 only illustrates an example of the proposed buffer reporting mechanism. Whether or not (i) the number of traffic priorities, (ii) the number of bits used to signal the status of each traffic priority queue, and (iii) the value of the thresholds Tij in Figure 2 should be reconfigurable by the network is to be decided based on further investigations. Our proposal is that these parameters should be fixed during standardization. Finding of the optimal values is for further study.
The main advantage from priority-based buffer status reports is the amount of valuable information that can be concentrated in a relatively short message. If the traffic priorities and the number of bits to be used for each specific traffic priority are agreed within 3GPP, then the overhead from signalling the UE buffer status can be significantly limited (no need to signal the logical channel identifier).

Notice that using priority-based buffer status reports can reduce the overhead compared to the Scheduling Information in HSUPA. This is achieved while increasing the number of traffic priorities for which a buffer status indicator is transmitted. One of the main reasons of this overhead reduction is that with priority-based buffer status reports no identifier of the highest priority logical channel needs to be signalled.
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Figure 2: Example of priority-based buffer status report
Proposal 2: use priority-based buffer status reports.

3.3 
Buffer reporting criteria

The reporting criteria define the general rules for the transmission of uplink buffer status reports. Some of these criteria are e.g.

-
The type of buffer status reports to be used (e.g. absolute or priority-based).

-
Whether a buffer status report should be sent periodically, or based on specific event triggers.

-
In case of periodic reporting, the reporting period is one of the reporting criteria.

-
In case of event-triggered reporting, the event(s) triggering the buffer reporting decision must be clearly defined. Also, event-triggered reporting will in most cases be limited by a timer constraint to prevent frequent reports being sent on the air interface.

Examples of events triggering a buffer status reporting are:

-
The amount of data in the UE buffer (or alternatively in a traffic flow) gets above (or below) a predefined threshold value;
-
A UE specific timer expires (e.g. if data have been queued in the UE buffer for too long time).
The type of triggers defined above can be combined to define more specific triggering events. Some of the reporting criteria can be made dependent on the buffer status (e.g. empty/non-empty). For example, when the buffer is empty a buffer status report should be immediately transmitted as soon as data arrives in the UE buffer. Differently, when data is already being transmitted a buffer status reports can be issued either periodically or based on specific threshold and/or timers. However, periodic reports should never be transmitted when there is no data in the buffer.
The reporting criteria are configured using RRC signalling. The basic principle of uplink buffer status reporting and packet scheduling, and the relative required communication flows between the network and the UE are schematically illustrated in Figure 3. The use of System Information for the initial configuration of default reporting criteria is also a possibility. If the default reporting criteria need to be modified on a per user basis, then RRC signalling is used.
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Figure 3: Role of different protocol layers in the communication related to uplink packet scheduling between the Node-B and the UE

Proposal 3: the reporting criteria are configured by RRC and can be periodic or event-triggered.
4
Conclusions

The present contribution deals with buffer status reports in E-UTRAN uplink. Buffer status reporting is a critical feature both for the achievement of high trunk efficiency (and hence high cell throughput performance) and for QoS differentiation. On the other hand, buffer reports represent an overhead which has a direct impact on the uplink capacity.

To find an optimal trade-off between these two effects, priority-based reports are proposed to be introduced. Priority-based reports limit the signalling overhead while conveying buffer status information on a traffic priority basis (thus allowing QoS-aware radio resource allocation). Details regarding the number of bits to be used when signalling the status of each traffic priority queue, the optimal threshold values for the different types of traffic, etc. are for further study.

Absolute reports can also be defined. Though, it is to be further analyzed whether their utilization is actually needed in E-UTRAN uplink.

Both periodic and event-triggered reporting can be defined. The reporting criteria also include one or several time-to-trigger parameters, as well as a minimum time that need to elapse between two consecutive buffer status reports. These (and potentially others) reporting criteria are signalled from the network to the UE using RRC signalling. However, for the initial configuration of default reporting criteria the use of System Information is also a possibility (potential safe of bandwidth, especially with a high number of users).

Buffer status reports are transmitted over the air interface using MAC signalling. In particular, we propose to transmit buffer status reports as MAC control PDUs. Buffer status reports can either be stand-alone messages, or can be piggybacked to other Layer-2 control or user plane data.
Thus in brief, this contribution makes three proposals:

Proposal 1: use MAC signalling for buffer status reports.

Proposal 2: use priority-based buffer status reports.

Proposal 3: the reporting criteria are configured by RRC and can be periodic or event-triggered.
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4 Text proposal (Section 7 in TR 25.813)

Uplink buffer status reports are needed to provide flexible support for QoS-aware packet scheduling. Uplink buffer status reports refer to the data that is buffered in the logical channel queues in the UE MAC. The uplink packet scheduler in the eNB is located at MAC level. Uplink buffer status reports should be transmitted using MAC signalling (e.g. as a specific type of MAC control PDU). A way to separately signal buffer status reports for different traffic priorities should be used to minimize the overhead while still providing the required gain. To define the exact content of buffer status reports is left for further study.
The uplink buffer reporting scheme used in uplink should be flexible in order to support different types of data services. The buffer reporting criteria are setup and reconfigured on a per user basis using RRC signalling. The use of System Information should also be considered for the initial setup of default buffer reporting criteria (on a per cell basis). Constraints on how often uplink buffer reports are signalled from the UEs can be specified by the network to limit the overhead from sending the reports in the uplink. 
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