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Introduction

In RAN1 # 49[1], it is agreed that the DL control signaling is located in the first n OFDM symbols of a sub-frame, and 2 bits are used to indicate the value of n, where n can be 1, 2 or 3. The use of the fourth value is FFS. 
Assuming 3 OFDM symbols for DL control signaling in FDD, the overhead of the signaling is 3/(14*2)=10.7% when related to the total available bandwidth for uplink and downlink. Assuming that 68 bits and 47 bits [3] will be required for each DL and UL scheduling grant respectively in a 5 MHz system and assuming 1/3 coding and QPSK modulation for the control signalling, then about 5 UEs can be scheduled in DL per TTI together with 5 UEs in UL. However, in TDD different DL/UL configurations exist, and in each configuration the number of scheduled UEs per TTI and the signalling overhead varies accordingly. In this contribution, we study the PDCCH overhead issue in TDD and its impact on scheduling, and propose a way to design and configure the PDCCH in TDD (example given for FS2).
Flexible PDCCH in TDD with FS2
Assuming maximum 3 OFDM symbols per DL TTI for control signaling, taking TDD FS2 as an example (similar analysis can be made with TDD FS1), we get the results of control signaling overhead and number of UEs that can be scheduled as shown in Table 1.

Table 1. PDCCH overhead and impact on scheduling <5MHz system, 1/3 coding and QPSK for control signaling>
	# DL slot
	Signaling Overhead
	Example of #UEs can be scheduled per 5ms (DL/UL)  *

	1
	4.76%  
	0/12, 1/11, ..., 5/5, ..., 7/2, 8/1

	2
	9.5%   
	0/25, 1/24,…, 10/11,…, 15/3, 17/0

	3
	14.3%  
	0/38, 1/36, …,15/16,…, 21/7, …, 26/0

	4
	19%       
	0/51, 1/49, …, 21/20, …, 26/13, …, 35/0…

	5
	23.8%    
	0/63, 1/62,…, 26/26, …,33/16,…, 44/0

	6
	28.5%    
	0/76, 1/75,…, 31/31,…,39/20,…, 52/1  


* In the example, only UL and DL scheduling grant is considered to be in PDCCH for simplifying the analysis purpose, it does not mean there will be anyway these many DL/UL UEs to be scheduled.
Obviously for TDD FS2, when DL/UL configuration with more than 2 DL, 3 OFDM symbols per DL TTI will cause the signalling overhead to be much higher than in FDD. Then for such DL/UL configurations, less OFDM symbols can be used per DL TTI to keep signaling overhead reasonable or comparable with what we may have with FDD. While for DL/UL configuration with only 1 or 2 DL, more OFDM symbols can be used to increase the PDCCH capacity so that we won’t lose the scheduling efficiency. This can be realized by 2 methods that are discussed in detail in the following:

A. Set different number of OFDM symbols for control signaling for different possible DL/UL configurations, i.e, let the PDCCH resource be directly specified by the current DL/UL configuration (hard-coded in specifications);

B. Use upper layer control signaling to indicate the allowed range of PDCCH resources dynamically allocated  in each DL slot;

Methods could be used in combination in order to optimize the PDCCH resources. The best allocation of OFDM symbols of DL control depends on many aspects including (i) the DL/UL resource ratio, (ii) the requirements and the nature of the services running in the cell, and (iii) the packet scheduling strategy and the available radio conditions. 

With respect to the DL/UL resource ratio it is attractive to limit the PDCCH resource allocation at a reasonable level. An example proposed setting of PDCCH resources is shown in Table 2. The ranges specified for each UL/DL configuration can be hard-coded (option A) or configurable via higher layer signalling (option B).
Table 2. Example setting of PDCCH resource range for different UL/DL configurations.
	UL/DL configuration
	PDCCH resource

	1:6 or 2:5 or 3:4 
	n=[1,2]

	4:3
	N=[1,2,3]

	5:2
	N=[1,2,4]

	6:1
	N=[2,4,6 *]


* 6 OFDM symbol for PDCCH in case of 6 DL and 1 UL subframe is possible only for the system bandwidth larger than 1.6MHz.
For the configuration with more DL slots than UL slots, e.g, UL/DL=1:6, we limit the maximum PDCCH resource to be 2 OFDM symbols. With such a configuration, similar signaling overhead as in FDD can be achieved. 

With this configuration of more DL than UL, one direct method for UL scheduling grant is to let the ith DL subframe send the scheduling grant for the ith UL subframe [2], the disadvantage here is that it puts constraints on the UL scheduling grant, e.g, for the special case of UL/DL=1/6, the number of UL UEs can be scheduled is limited. Moreover, depending on the processing time requirement on eNB and UE as well as the availability of feedback signalling e.g. UL CQI, SR and UL buffer status report etc., the position of transmitting UL scheduling grant may vary accordingly, so that restricting UL scheduling grant to be at certain PDCCH may bring unnecessary risk on processing time requirement. Hence, we propose to allow the UL scheduling grant in any DL subframe. This gives more flexibility in UL scheduling grant, e.g. for the case of UL/DL=1/6, we can send UL scheduling grant in multiple DL subframes as shown in figure 1. This is beneficial for some cases such as more VOIP UEs need to be retransmitted by dynamic scheduling. In this case, since PDCCH resource has only 2 options, we propose to use 1 pattern of CCFI to indicate whether there is UL scheduling grant in the DL control signaling to avoid the unnecessary blind detection and consequently the UE power consumption won’t be different much. The case in figure 1 is made under the assumption that the sum of eNB and UE processing times dictate that 2 HARQ processes are needed.
For the configuration with less DL than UL, the maximum PDCCH resource is proposed to be 2, 4 and 6 OFDM symbols for UL=4, 5, and 6 cases respectively.
When considering the scheduling strategy as well as traffic characteristics, it may be attractive to have different number of OFDM symbols configured for DL control for different DL subframes. For instance, it may be attractive to have “room” for scheduling many DL users early in the 5 ms TDD frame to improve the spectral efficiency in DL. Here, the CQI is still “fresh” and thus we can benefit from e.g. more frequency domain packet scheduling gain and may desire to multiplex many users with dynamic scheduling. Later DL subframes within the same radio frame can be used for scheduling users where “fresh CQI” is not so important; e.g. persistently scheduled users or users with longer DRX periods. Further, it is attractive to be able to schedule more UL users as late as possible (still observing the delays from UL grant to earliest available UL transmission, still FFS) to better prioritize the traffic according to delay constraints etc. In the example above, this would mean that we would have increased number of UL users scheduled in the third downlink slot following the uplink transmission.
From the above discussion we propose to have the following method standardized to configure the number of OFDM symbols configured for DPCCH in every DL subframe:

1. 2 bits (Cat0) is sent in every DL subframe to indicate how many OFDM symbols are allocated to DPCCH in the current DL subframe. The two bits are mapped according to set values {n1, n2, n3, n4} that may have default setting depending on the actual uplink/downlink configuration.

2. Higher layer signalling possibility such that the values n1, n2, n3, and n4 can be configured independently for each DL subframe. Hence, the mapping table can be different for different DL subframes although the mapping function is known by all UE.

Both are needed in order to implement the needed flexibility for best TDD performance.
Summary
The necessary for flexible PDCCH configuration in TDD is discussed. We propose the following:

1. That we have a higher layer possibility to configure the meaning of the two bits in Cat0 so that it can be different for different DL subframes.
2. That the bits are decoded according to these tables for UE to know search space for UL and DL allocations.
3. That we indicate explicitly if there are no UL allocations in the current slot so that UE can save search complexity when there are more DL subframes than UL subframes.

The principles discussed in this document are also applicable for the LTE TDD FS1.
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Figure 1. Scheduling in TDD FS 2 with UL/DL=1/6.
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