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1 Introduction

Previous RAN1 meetings have focussed on the structure and contents of the downlink shared control channel while discussions on the exact mapping of the channel onto the time/frequency plane is still largely open. Also open for discussion is the coding for the control channel and an estimate of the benefits of joint coding as opposed to individual coding as in Release 5 WCDMA. In this document we analyse the control channel overhead and propose multiple options for the mapping of the control channel on the time/frequency resources.
2 Downlink Control Channel Structure
In the last RAN1 meeting, the basic information to be carried in the control channel has been agreed and incorporated in the TR. 
Given the different types of information that the control channel must carry, it is imperative that the size of the control channel will depend on the individual UE’s situation. Examples of situations which lead to different control channel sizes are given below –

	Case
	
	DL Scheduling Information
	UL Scheduling Information
	ACK/NACK

	1
	UE scheduled on UL and DL, and awaiting ACK/NACK
	Required
	Required
	Required

	2
	UE scheduled on DL only, and awaiting ACK/NACK
	Required
	
	Required

	3
	UE scheduled on UL only, and awaiting ACK/NACK
	
	Required
	Required

	4
	UE not scheduled on UL or DL, and awaiting ACK/NACK
	
	
	Required

	5
	UE scheduled on UL and DL, not awaiting ACK/NACK
	Required
	Required
	

	6
	UE scheduled on DL only, not awaiting ACK/NACK
	Required
	
	

	7
	UE scheduled on UL only, not awaiting ACK/NACK
	
	Required
	


At the very least, the control channel needs to contain information on the resource allocation and an identity for the scheduled UE. In order to reduce the number of options on the control channel size, it is beneficial to remove the ACK/NACK field from the control channel itself into a dedicated (semi-static) time/frequency resource. In addition, if a UE is scheduled on both UL and DL then the UL scheduling information can be contained within the allocated DL resource block. This leaves two cases for the DL control channel size:

Type 1: DL Scheduling Information (used in cases 1, 2, 5 and 6 above)

Type 2: UL Scheduling Information (used in cases 3 and 7 above)

3 Proposed ACK/NACK Channel Mapping in Downlink
It is proposed that one or more subcarriers in the downlink be reserved for carrying ACK/NACK information for UE’s expecting such information in the downlink. The number of resources reserved for such usage and their locations in the time/frequency plane can be intimated to the UE’s through common signalling. The UE knows when to expect the ACK/NACK, and it can work out (from knowledge of the UL chunks used for the UL transmission) on which sub-carriers the ACK/NACK will be transmitted.
It is assumed that an ACK/NACK command is transmitted over M*N sub-carriers, where N is the number of UL chunks transmitted by the UE and M is the number of subcarriers allocated to each ACK/NACK channel. The transmitted power of each ACK/NACK command is inversely proportional to the number of uplink chunks assigned to the particular UE, so that the total energy per ACK/NACK command is independent of the number of chunks being acknowledged. Figure 1 and Figure 2 show two examples of possible ACK/NACK resource multiplexing exploiting the maximum frequency diversity for the 5 MHz case. In the FDM multiplexing case, all the ACK/NACK’s are multiplexed within the second OFDM symbol. These resources will obviously reduce the number of subcarriers available in that symbol for the downlink control channel. This structure also allows support of micro-sleep mode at the UE, since an UE expecting an ACK/NACK need monitor only the first two OFDM symbols. 
The structure in Figure 1 is designed to support a maximum of 12 simultaneous users within 5 MHz (each user with one chunk) with each chunk being acknowledged by a six subcarrier ACK/NACK channel.

Assuming a chunk size of L subcarriers, N chunks within the allocated bandwidth, M subcarriers per ACK/NACK channel and an ACK/NACK subcarrier position offset within a chunk of ∆, the mapping between the uplink transmitted chunk number i and the corresponding downlink ACK/NACK is as below –

Position[0] = L*(i div M) + (i mod M) + ∆
where 0 <= ∆ < L 
For j > 0

Position[j] = Position[j – 1] + L*N/M
Figure 1 demonstrates the case for N = 12, L = 25, M = 6 and ∆ = 0. It can be noted that M needs to be a factor of N in order to exploit the full frequency diversity with an equally spaced ACK/NACK subcarrier distribution. 
Another mechanism of the TDM mapping scheme is to spread the N*M ACK/NACK subcarriers uniformly over the entire band within the second OFDM symbol. However, if M is not a factor of L, the ACK/NACK spacing will be non-uniform in this case.
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Figure 1 : TDM Multiplexing of ACK/NACK
Alternatively in the scatter or FDM/TDM multiplexing case, the ACK/NACK resource is scattered over the remaining (all but the first OFDM symbol which contains the pilot and control channels only) OFDM symbols as shown in Figure 2. In this case, the chunk bandwidth for user data is reduced by a single subcarrier and micro-sleep possibility is reduced.
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 Figure 2 : FDM/TDM (Scatter) Multiplexing of ACK/NACK
Assuming a chunk size of L subcarriers, N chunks within the allocated bandwidth, M subcarriers per ACK/NACK channel, an ACK/NACK subcarrier position offset within a chunk of ∆ and Nsym number of available OFDM symbols, the mapping between the uplink transmitted chunk number i and the corresponding downlink ACK/NACK is as below –
Position[0] = L*i  + ∆
where 0 <= ∆ < L 
For j > 0 and j < M
Position[j] = (( Position[j – 1] + L*N/M ) mod L*N) in symbol j*Nsym/M
Figure 2 illustrates the case for N = 12, L = 25, M = 6, ∆ = 0 and Nsym = 6.

It can be noted that M needs to be a factor of Nsym to enable a uniform spacing of the ACK/NACK commands in the time domain.
The performance of the structures in Figure 1 and Figure 2 are shown in Figure 3 and Figure 4. It can be seen that the performance of the two structures is very similar for the two velocity cases simulated. The two TDM plots per figure illustrate the performance with and without time domain interpolation between successive subframes.
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   Figure 3 : ACK/NACK demodulation performance
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   Figure 4 : ACK/NACK demodulation performance
The similarity in the performance of the two proposed schemes implies that the TDM ACK/NACK can be adopted without any performance penalty as long as all the ACK/NACK symbols are located within the second OFDM symbol, thus allowing micro sleep mode possibility at the UE. 
4 Downlink Control Channel Size
Assuming the above structure for the ACK/NACK channel, the number of bits needed in the downlink control channel can be derived as follows –

	
	Type 1
	Type 2

	Information bits
	
	

	- Type Indicator
	1
	1

	- DL Resource Allocation
	12 (bit mask)
	

	- DL Resource Duration
	3
	

	- DL TFCI
	6
	

	- UL Scheduling Info is present in DL resource block
	1
	

	- UL Resource Allocation
	
	7 (tree method [1])

	- UL Resource Duration
	
	3

	- UL Category 2 Information
	
	10

	Padding bits
	0
	2

	CRC (Masked with UE ID)
	10
	10

	Total information + CRC bits
	33
	33

	Encoded bits (1/3 tail biting)
	99
	99

	After rate matching
	100
	100

	Number of sub-carriers (QPSK)
	50
	50

	Number of chunks
	2
	2


Padding bits are used to make the number of encoded bits the same for Type 1 and Type 2 so that the UE only needs to perform one decoding attempt. Slightly modified structures without any padding bits can also be envisaged if required by the design. 
An example of the proposed control channel mapping is shown in Figure 3. In this figure we assume that control channels are individually coded in order to allow efficient power control and possible beam-forming techniques. Control channel positions are shown in the first OFDM symbol only while the second symbol is assumed to carry pilot and additional control information. Each scheduled UE is assumed to have been allocated one control channel within 5 MHz with higher bandwidth capable UE’s decoding multiple such channels. When possible, the frequency position of the control channel should be chosen to span the resources on which the user data is scheduled in order to exploit the superior channel characteristics at these frequency positions. Figure 5 shows a case when the maximum twelve possible users are scheduled within 10 MHz. In case the number of users is less, some of the control channel resources can be freed and occupied by user data. The absence of a control channel in a specific position can be indicated using a single bit field in the preceding control channel.
Type 1 and Type 2 control channels are each assumed to span 2 chunks. The total number of control channels possible depends on the mapping adopted for the ACK/NACK channel which has not been shown in the figure. 
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Figure 5 : Control Channel Mapping
The structure of the ACK/NACK resource can be further simplified by allocating only UE’s without a downlink resource allocation within that resource. A UE with a downlink scheduling message in the same subframe can be intimated about ACK/NACK’s within that downlink resource block. In such a case, a single bit ACK/NACK will suffice since the control information within the resource block will have its own error coding protection. However, error in control channel detection in this case also leads to inability to retrieve ACK/NACK information which may put tighter performance requirements on the downlink control channel.
5 Conclusions

In this document we have analysed the overhead needed for the downlink control channel and proposed a structure for its mapping onto the downlink time/frequency resources. The proposed scheme separates the scheduling information from the ACK/NACK information needed for uplink control which is essential in order to minimise the number of possible control channel sizes and allow an optimal design. Link level simulations indicate that a TDM structure of the ACK/NACK channel provides superior performance in addition to permitting micro sleep mode at the UE.
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