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Introduction

At the RAN WG1#45 meeting the DL/UL control signalling structure was discussed with the following summary made on downlink scheduling information:

· Scalability of control signaling time/frequency resources

· At least via RRC signaling, possibly more dynamic.

· To what extent is the UE supposed to do blind detection of the resources used for control signaling?

· Possible structures for cat 1 

· Joint coding (at least cat 1) of groups of users, possibly more than one jointly coded region

· Cat 2 and 3 possibly handled differently than cat 1

· Separate coding

· Multiple control channels, each informing one UE about the assigned resources

· Including the C-RNTI in the scheduled resource blocks

A number of documents [2-13] were provided to the RAN WG1#45 meeting on the aspects of separate coding and joint coding for DL. This document focuses on the benefits of joint coding schemes for DL and UL resource scheduling information that is carried by DL L1/L2 control signalling channel.

Discussion

Different encoding schemes

The control signalling for UEs receiving and transmitting data in the cell can be either separately coded for each UE or some joint coding can be done. The benefits from separate coding and mapping for each UE have been stated to be

· Individual adjustment of transmission parameters such as coding, modulation, Tx power and user-specific beamforming

On the other hand, the benefits of joint coding have been stated to be

· Better coding performance due to larger encoding blocks and more efficient encoding of PRB assignments, lower signaling overhead and fewer decoding operations

The extreme method of joint coding is to encode Cat 1-3 information together for all the UEs in the cell. However, most of the thinking on joint coding has at least separated Cat 1 information and Cat 2-3 information – or separating users/group of users that are jointly encoded over Cat 1-3 from other users/groups of users. 

Regardless of the method of encoding, the UE has to be able to know the transport format of Cat 1 information a priori. The C-RNTI and resource assignments are contained in this part of the control signalling field and the detection of it should be as fast and simple as possible. The transport format used for Cat 2-3 may be more flexible. The benefits of being able to use multiple transport formats are clear when we consider that not all UEs necessarily need the same level of robustness in the encoding protection on their control information.  

Joint resource allocation

Principle of joint resource allocation with multiple transport formats

Joint coding of a number of UEs that can utilize similar encoding rates and power control show clear benefit over separate encoding [14]. When the transport format of the downlink control information is available, there is no reason not to code Cat 1 together with Cat 2-3 – and also with UL resource allocations. In this case, the predetermined field can be structured as a common part (“Cat 0”) with low encoding rate and a priori known structure. Figure 2-1 depicts the concept of a common part for all the UEs followed by a variable part. The other bit fields in the common part are discussed in section 2.2.7.
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Figure 2-1 Resource allocation in DL control channel structured into a fixed, common part and variable part

The common part is decoded by all the UEs, and it could also carry paging indicators and RACH response fields. However, from the resource allocation point of view the important field is the transport format indicator for the following variable part.

The variable part of DL/UL resource allocation signalling structure is decodable to all the UEs since they have received the TFI in the common part. Figure 2-2 depicts the principle of downlink resource allocation in the variable part. 
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Figure 2-2 Downlink resource allocation principle

The first part of the structure should be easily comprehensible to the UE so some a priori known fixed length field is preferable. This initial part of the structure could carry information on the number of entries in the latter part of the structure, which makes it possible to jointly encode any number of UE resources that the eNode B sees feasible. It would also be simple to add a Resource Type Indicator (RTI) field containing an index to all the physical resource blocks (PRB) and indicate which PRBs have localized and distributed resource allocated on them.

There are cases when the eNode B may choose to schedule resources to some UEs for longer periods of time than single subframe. This could occur due to concatenation of subframes into longer TTIs or some persistent resource allocation scheme. Thus, it would be wasting of signaling resource to indicate allocations to each PRB in each signaling interval. One way of rationalizing the resource allocation procedure in such a case would be to use a Resource Existence Indicator (REI) field, which would indicate whether an entry for a resource exists in a given PRB or not. The REI field would also be very beneficial when multi-part resource allocation is considered as described in section 2.2.3.

After the fixed length part of structure, all the DL entries can follow in any order decided by the scheduler. This order is mapped into the PRBs by a linearly increasing UE index over all the DL entries. The UE indexes are valid only in this part of the current resource allocation field. The UE finds the resource allocated for it by matching its C-RNTI with the correct DL entry. The DL entry can contain all the Cat 1-3 information for the UE. Now, due to the fact that not all the PRBs are to be allocated, the PRBs indicated as not existing in REI need to be considered in this mapping. This kind of structure that pairs the C-RNTI with the entry provides for full flexibility and consequently a UE may be allocated a number of non-continuous PRBs. 
Uplink resource allocation

Figure 2-3 depicts the principle of uplink resource allocation in the variable part. 
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Figure 2-3 Uplink Resource Allocation Principle

The first part of the structure is a bit sequence, each bit of which indicates whether the allocation continues to the next PRB or not. They are referred to as Resource Block Type Indicator (RTI). If RTI is “1”, the next PRB in the frequency domain is also allocated to the same UE. If it is “0”, the corresponding PRB is the last one of this allocation, and the next PRB is allocated to the next UE. The example of RTI bit sequence and the corresponding PRBs are also shown in Figure 2-3. 

The next part of the control signal indicates whether each allocation block indicated by the RTI bit sequence has the corresponding UL entry or not. This is referred to as Allocation Existence Indicator (AEI) bit. This has the similar function to that of DL REI bits. Only the difference is that AEI bit is for each allocation block indicated by RTI bits in UL, and the REI bit is for each PRB. By using this bit indicator, the control signal needs not to have lengthy field just to indicate the null allocations.

The UL entries following the indicator fields contain the information related to the assigned UL UEs, such as C-RNTIs and transmission parameters. The order of the UL entries corresponds to the order of allocation blocks indicated by the RTI bits with the AEI bit of “1”. .
Structure of multi-part resource allocation

As described above, the variable part of the DL control signalling channel carries all the Cat 1-3 information and also UL resource allocations. However, the variable part is not limited to one field, i.e. different groupings of UEs can be set by nesting several variable parts after the common part. The principle of multi-part structure on the DL/UL resource allocation is depicted in Figure 2-4.
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Figure 2-4 Multi-part structure in DL control channel allowing for independent resource allocation groups

The multi-part structure can be easily realized by providing the TFI of the following field in each nested field. The common part with predetermined structure would in this case contain the TFI for the first variable part of the multilayer structure, the first variable part would carry the TFI for the second variable part and so on. In this way different encoding rates can be provided to groups of jointly coded UEs. Different power control settings can also be used for each nested field in the multi-part structure. Figure 2-5 depicts the principle of DL resource allocation for multi-part structure.
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Figure 2-5 Downlink resource allocation in case of multi-part structure

Optimization of the joint resource allocation signaling 

When considering the amount of signaling bits needed for joint resource allocation signaling, let’s start by considering a few alternatives. For the examples given below, M will denote the number of physical resource blocks (PRB), and N will denote the number of currently allocated users (assumed to be known or extractable by the UE):

· Alternative 1: Each user is given a bit mask of length M (on/off) – this is the simplest method, but will also give the highest overhead in terms of control signalling. This method will require M*N signalling bits, and could be an option for separate resource signaling.

As for the case of joint resource allocation signaling, we could exploit that the one PRB cannot be allocated to multiple UE. Thus the amount of signaling bis can be deviced such that:

· Alternative 2: A number of bits are reserved for each PRB signalling event, such that each PRB will require ceil(log2(N+1)), and the total number of bits required will be M*ceil(log2(N+1)). As the UE knows N and M, it knows the size of the resource allocation indication field. The addition of 1 to the value of N is to allow for some PRBs not being allocated to any users.

However, this amount of signaling bits can be reduced further, since the number of users will not always such that ceil(log2(N+1))=log2(N+1) (occurs only for N=1,3,7, etc). For values of N, where this is not the case, it is possible to construct a signaling scheme where the signaling space is optimized further, such that the total required number of signalling bits will become ceil(M*log2(N+1)). 
· Alternative 3: We construct the encoded allocation information using the following equation:
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Where X is the value (which should be represented in binary for transmission) that denotes the encoded joint allocation information, Y(k) is the resource allocation Id list, where a value of ‘0’ indicates that the PRB is not used, while values from 1 to N indicates relative C-RNTI values. Similarly, it is possible to do the reverse operations at the individual UE.

To exemplify the different alternatives, consider the following example with M=6, N=4. We allocate users according to the following PRBs: User 1 gets PRB2 and PRB4. User 2 gets PRB1. User 3 gets PRB5. User 4 gets PRB6. PRB3 is thus not allocated. The final resource allocation signaling word is shown in Table 2-1. Here one can see almost a factor of two in saving of alternative 3 compared to alternative 1. Alternative 1 is in this case also significantly more effective that alternative 2.

Table 2-1 - Example showing the three signalling word alternatives (M=6, N=4).

	Alternative
	Code word (X)
	Bits consumed

	1
	010100 100000 000010 000001
	24 bits, M * N

	2
	010 001 000 001 011 100
	18 bits, M * ceil(log2(1+N)) 

	3
	1001101000110
(Y=[2 1 0 1 3 4], X=4934)
	13 bits, ceil(M * log2(1+N))


To look at the actual savings with more realistic system parameters, some numbers have been shown in Figure 2-6. We consider the case of 24 available PRBs and vary the number of multiplexed users. If we assume a uniform distribution of multiplexed users within the shown range (1-12), we get on average 53% saving using alternative 2 over alternative 1. The additional gain of using alternative 3 over alternative 2 is 11 %.
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Figure 2-6 Illustration of the signalling needs of the different alternatives.

Reducing signalling overhead when simultaneous allocations both in UL and DL

The fact that a number of scheduled UEs are going to have resource allocations both in UL and DL can be utilized in reducing the signalling overhead in DL. The resource allocations for a single used could in this case be nested together in one entry field instead of two separate fields repeating the same C-RNTI. The signalling structure could be extended to support such merged UL/DL entries.

Use of additional, truncated C-RNTIs

The C-RNTIs may consume a considerable portion of the DL L1/L2 signaling channel. The shorter the C-RNTI the lower the control channel overhead becomes, but on the other hand E-UTRAN cannot be expected to employ remarkably shorter C-RNTIs than the current UTRAN. One way of providing this flexibility would be the provision of a truncated C-RNTI in addition for the original C-RNTI for each UE. The original C-RNTI would be always possible to be employed, and a truncated C-RNTI may be mapped by a predefined method from the original C-RNTI or decided by the network. 

Naturally, since the number of uniquely identifiable UEs is smaller with a truncated C-RNTI, some limitations would have to be considered on the usage of such an indicator. One method is to calculate/assign a truncated C-RNTI by/for users having traffic profiles with transport blocks arriving seldom, or at predetermined intervals – of the flexibility of tolerating some additional latency in scheduling allocations. One obvious way of preventing UEs with truncated C-RNTIs from overlapping is to match the use of those indicators with different DRX patterns. In principle, the network would set a the truncated C-RNTI ‘valid’ for a given user for predefined time intervals, i.e. it is valid during a certain time pattern of transmission. An example of a time pattern is depicted in Figure 2-7. Also other means of orthogonality between UEs that would risk having the same truncated C-RNTI could be envisioned. 
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Figure 2-7 An example of time pattern based allocation of truncated C-RNTI validity periods
Common part in DL L1/L2 control signaling channel

In addition to the transport format to the variable part and CRC, the common part may also include other fixed bit fields such as

· PICH: paging indicators [15]

· RACH response indicator: informs that RACH response is present in the current subframe

· MIB change:  system information change indicator

All of these fields would be protected with a low-rate FEC and can be received by all the UEs in the cell.
 Conclusions
Multi-part joint encoding of groups of UEs on downlink control channel reduces control overhead [and allows for the support of larger number of users]. Multi-part encoding also provides some of the benefits of different endocing rates and power settings of separate coding scheme. It is recommended that joint encoding of DL and UL resource allocations is adopted in E-UTRA DL L1/L2 control signaling channel.
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