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1 Introduction

In RAN1#85 initial discussion on UE search space for short TTI (sTTI) operation took place. The following conclusion was made.

· From resource utilization perspective, sPDSCH assigned by a sPDCCH can be mapped to resources that are left unused by any sPDCCH

· Details are for further study, e.g., FFS whether unused resources is on RB or RE level
In this contribution, we discuss how to limit the number of blind decodes for sTTI UEs. We also discuss how sPDCCH can be designed to allow for a flexible control region per sTTI.
2 Discussion
In our companion contribution [1], different methods for scheduling sTTI are analysed. It is found that the two-level DCI method is the most suitable method for scheduling sTTI in terms of control overhead and latency. Within the approach of a two-level DCI, a slow DCI is sent at the beginning of each subframe on PDCCH and fast DCI sent in each sTTI on sPDCCH. In the following, a sPDCCH design is proposed to achieve dynamic adaptation of the sPDCCH region. Further, the number of blind decodes related to short TTI operation is discussed. 
2.1 Flexible sPDCCH region

System level evaluation [3] showed how important it is to have a flexible sPDCCH region in sTTI. At low load where the highest benefits of sTTI are expected, only few resources are needed for sPDCCH due to few co-scheduled users and due to high SINR. Assuming a fixed region for sPDCCH often leads to unnecessary high overhead in terms of unused resources. It is thus critical to design sPDCCH so that the amount of occupied resources is adapted to the number of co-scheduled users (in DL and UL) and their required aggregation level. The resources not occupied by the sPDCCH should be used by sPDSCH as also captured in [6]. Some details are given below of how to inform the UE of which sPDCCH resources which are unused such that sPDSCH can be mapped to those. 

Here a design principle similar to ePDCCH might be used where the UE assumes that the PDSCH is rate-matched around those PRB pair(s) containing its DL assignment. This can be achieved by overlapping user equipment-specific search space (USS) in sPDCCH for UL and DL fast DCI as well as multiple DL or UL fast DCIs. A method of including uplink grants for any UE within the resource allocation for sPDSCH is discussed within section 2.1.1 and an approach is discussed within section 2.1.2 of how to handle several downlink assignments.

Proposal 1 Define overlapping USS in sPDCCH for all fast DCI

As discussed in previous contributions [2] it is beneficial to map sPDCCH in the first symbol of the sTTI to allow early decoding of data. The proposed sPDCCH design as discussed below is based on this assumption.
2.1.1 A single DL and UL assignment in a sTTI

To schedule one user in DL and one user in UL, the DL and UL fast DCI can be arranged as shown in Figure 1. This figure illustrates DL data transmitted on a 2-symbol sTTI for sPDSCH. An sCCE is used to denote a frequency resources for sPDCCH, similarly as an eCCE is used for ePDCCH. Here, a logical mapping is used, which might not necessarily equal a physical frequency domain mapping.
The UL grant and DL assignments are transmitted on sPDCCH within the first of the two OFDM symbols of the sTTI. Here the UL fast DCI is placed on a logical sCCE before the DL DCI. This has the advantage that the DL user can assume that all remaining resources after the fast DL DCI are used for its sPDSCH. Also, the UE might assume that the sPDSCH is rate matched around the resource elements used for sPDCCH.
Proposal 2 The UE can assume that all resources corresponding to sCCE with logical index larger than the ones for correctly decoded sPDCCH is used for sPDSCH

To detect the fast UL DCI, a user needs to test all allowed AL (Aggregation Levels). To detect the fast DL DCI, a user needs to test all combinations assuming all allowed AL for a potential UL grant and all allowed AL for a potential DL grant. In order to limit the amount of combinations, only combinations with equal AL for uplink and downlink within the same sTTI are included in Figure 1. Here, the UE must thus search for a sPDCCH for three aggregation levels at two possible positions. The size of search space will thus depend on the number of assignment and grants to be included in the search space, see section 2.1.2, where additional assignments and grants are included.
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Figure 1. One downlink assignments and at most one uplink grant within sPDSCH for two symbol sTTI
2.1.2 Multiple DL and UL assignments in the same sTTI

The mechanism showed for the case of a single DL assignment in a sTTI can be extended to multiple downlink and uplink assignments in the same sTTI. If the possibility to split the DL allocation band between several sPDSCH, then several downlink fast DCI might be needed in the same sTTI. For supporting FS2 several uplink fast DCIs might be needed in the same downlink sTTI. Also, several uplink fast DCIs in the same DL sTTI might also be needed if the number of sTTIs within a subframe is larger than the number of sTTIs in downlink.

An example is given below in which several sPDSCH share the same frequency band, denoted as the sTTI band in Figure 2. The fast DL DCI could contain a field of few bits (e.g. 3) indicating which portion of the sTTI band is scheduled for this sPDSCH. This is illustrated in Figure 2, where three downlink DCIs are included within a total sTTI band of 16 sCCEs. Here the DL DCI 1 contain the DL assignment for sPDSCH 1 in the first half of the sTTI band, DL DCI 2 is the assignment for sPDSCH 2 and DL DCI 3 for sPDSCH 3 in the last quarter of the sTTI band. In the same manner as in previous section, the UE can assume that all remaining resources within its DL allocation after the fast DL DCI are used for its sPDSCH. 
Again the reuse of resources from Proposal 2 above can be applied, i.e. “The UE can assume that all resources corresponding to sCCE with logical index larger than the ones for correctly decoded sPDCCH is used for sPDSCH”

To schedule several users per sTTI, the fast DCIs can thus be arranged as shown in Figure 2. It is assumed that at most four fast DCI can be transmitted in a sPDCCH and that each UE knows this limitation. Given this, to detect the fast DCI, a user needs to test all combinations of all possible AL and all possible positions for the fast DCI. 
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Figure 2. Three downlink assignments and at most one uplink grant within sPDSCH for two symbol sTTI

An illustration is given in Figure 3 with only one downlink assignment and tree uplink grants. 
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Figure 3. One downlink assignment and at most three uplink grants within sPDSCH for two symbol sTTI
2.2 Limiting the number of blind decodes with short TTI operation
Blind decodes are needed to detect the slow and fast DCIs. In addition, UEs which are configured for short TTIs should also monitor DCI in PDCCH. In the following we propose methods to limit the overall number of blind decodes for sTTI UEs. As a general principle, the same UE capabilities and thus the same number of required blind decodes for sTTI operation should be targeted for both FS1 and FS2. The solutions to limit the number of blind decodes may be slightly different for FS1 and FS2. But the requirements in terms of number of blind decodes per sTTI should be the same in FS1 and FS2 assuming the same sTTI length. 
Proposal 3 Target the same overall number of blind decodes per sTTI for FS1 and FS2 assuming the same sTTI length
2.2.1 Limiting blind decodes on PDCCH

Slow DCI provides scheduling information common to all UEs that do not need to be updated more than once per subframe, as discussed in our companion paper [1]. A common RNTI is needed for this purpose in order to address all UEs with support for sTTI. Here this common RNTI is denoted as “sTTI-RNTI”. Since this sTTI-RNTI is common for several UEs, we can use the common search space (CSS) to send slow DCI. 
Proposal 4 The UE is configured by RRC to monitor an “sTTI-RNTI” for slow DCI in the common search space
A UE must try all combinations of DCI payload and aggregation level to detect a potential DCI. If the payload of the slow DCI differs from the payload of the existing one(s), additional blind decodes are necessary. To avoid this increase, a simple way is to restrict the payload of the slow DCI to the one of DCI format 0/1A or DCI format 1C. Given that the DCI message should contain information related to both UL and DL the target payload size for it should be that of DCI format 0/1A to allow for more flexibility in the design. This slow DCI can then contain configurations for both downlink and uplink on a slow time basis, i.e. a common slow DCI for downlink and uplink. Alternatively, as discussed in [1], the downlink and uplink configurations are transmitted in separate slow DCIs. However, separate DCIs would require additional blind decoding.
Proposal 5 The slow DCI format contains information for both DL and UL and has the same size as DCI format 0/1A
The DCI formats 0 and 1A have a size which depends on the downlink bandwidth configuration. For a system bandwidth of 100 resource blocks the DCI format 0 and 1A supports 28 bits. 

As discussed in our companion paper [1], it is beneficial to include the frequency allocation in the slow DCI. Here, a DL frequency allocation requires 25 bits and the UL frequency grant 13 bits, for a system bandwidth of 100 RBs which results in 38 bits together, see [1].  If we keep the current way of indicating frequency location, the payload of the slow DCI would exceed the payload of DCI format 0/1A. Another way of indicating frequency allocation is thus needed. For instance, the resolution in frequency can be reduced by increasing the RBG size (see [5] section 7.1.6.1) in the slow DCI for downlink assignments. A similar approach can be applied to reduce the number of bits for the UL resource allocations.
Observation 1 If the slow DCI includes frequency allocation of all sTTI in the subframe, the number of bits for the frequency allocation field can be reduced to reach the payload of DCI format 0/1A

Since the UE will need to monitor additional candidates in the sPDCCH wherein the fast DCI is transmitted, the total number of blind decodes the UE needs to perform will increase, given that we keep the same number of candidates within (E)PDCCH. This may imply additional processing requirements on the UE particularly in the beginning of a subframe where the UE may for example need to process both sPDCCH and PDCCH candidates at the same time, if the UE is not configured with EPDCCH. One should keep in mind that the processing capability since Rel-8 timeframe has increased, so some additional blind decodes per carrier should be possible for the UE to handle. 
However, a blind search without increasing the processing requirements, when introducing slow and fast DCIs, for the UE can also be considered. A possibility is to reduce the number of PDCCH candidates for UEs configured with a “sTTI-RNTI”. Here, a reduction of ALs for CSS (common search space) in PDCCH might have an impact on coverage. Instead a reduction of the number of ALs for USS might be considered. For instance, one candidate for AL 8 or several candidates at lower ALs can be excluded (see table 9.1.1-1 in [5]). All candidates for AL 8 should not be removed since that would increase the risk of radio link failure for UEs which are out of coverage. 

A dynamic reduction in the number of blind decodes is to reduce the number of PDCCH candidates whenever a UE has detected a slow DCI. However, since decoding of slow DCI and DCI format 0/1A can be done in parallel in the UE, this might not reduce the computational complexity in the UE.
Observation 2 sTTI operation will require an increase in the number of blind decodes in the UE
Proposal 6 Additional blind decodes might be defined for sTTI operation
Proposal 7 If there is a need to reduce the number of blind decodes on (E)PDCCH for sTTI UEs, target a slight reduction of blind decodes in the USS on (E)PDCCH for UEs configured with a sTTI-RNTI

2.2.2 Limiting blind decodes on sPDCCH

As a second step in the two-level DCI framework, a fast DCI can be transmitted in each sTTI on sPDCCH with a downlink allocation valid in the same sTTI. The sPDCCH may also contain a fast DCI with an UL grant. With several UEs scheduled in the same sTTI, as described in section 2.1.2, the need for additional blind decodes increases in sPDCCH.  

Uplink grants and downlink allocations in fast DCI may in principle have slightly different fields, for instance dedicated bits for RVI and QCL are needed in DL while not in UL. While uplink grants and downlink allocations might have different amount of bits needed in the DCIs these formats will be blindly decoded on the same sCCEs. To limit blind decodes, the design of DCI formats should aim for the same size for all grants and a bit field indicating if the DCI is an uplink grant or downlink allocation. This approach is similar to the flag for format 0 / format 1A differentiation; see section 5.3.3.1.1 in [4]. Here padding bits can be used in addition to indicating bits, in case the number of required bits are different for uplink grants and downlink allocations.
Proposal 8 A single size is defined for both DL and UL fast DCI
A very efficient method to further limit the number of blind decodes per sTTI is to assume the same aggregation level for all fast DCIs sent in sPDCCH. An example is given in Figure 1 that shows that the number of blind decodes reduces to six for up to 2 fast DCIs in sPDCCH. These fast DCIs can be intended for different UEs but the scheduler at eNB can make sure to co-schedule sTTI UEs with similar aggregation level in the same sTTI. Short TTI operation is beneficial mostly at low to medium load, as observed in the system level evaluation of sTTI [3], where the sCCE aggregation level is expected to be small for all UEs due to low interference level. Imposing the same aggregation level for co-scheduled UEs may thus be reasonable.
Proposal 9 UEs should assume the same AL for all fast DCIs sent in sPDCCH within the same sTTI
3 Conclusion

In section 2 we made the following observations:
Observation 1
If the slow DCI includes frequency allocation of all sTTI in the subframe, the number of bits for the frequency allocation field can be reduced to reach the payload of DCI format 0/1A
Observation 2
sTTI operation will require an increase in the number of blind decodes in the UE


Based on the discussion in section 2 we propose the following:
Proposal 1

Define overlapping USS in sPDCCH for all fast DCI
Proposal 2

The UE can assume that all resources corresponding to sCCE with logical index larger than the ones for correctly decoded sPDCCH is used for sPDSCH
Proposal 3

Target the same overall number of blind decodes per sTTI for FS1 and FS2 assuming the same sTTI length

Proposal 4
The UE is configured by RRC to monitor an “sTTI-RNTI” for slow DCI in the common search space
Proposal 5
The slow DCI format contains information for both DL and UL and has the same size as DCI format 0/1A
Proposal 6
Additional blind decodes might be defined for sTTI operation
Proposal 7
If there is a need to reduce the number of blind decodes on (E)PDCCH for sTTI UEs, target a slight reduction of blind decodes in the USS on (E)PDCCH for UEs configured with a sTTI-RNTI
Proposal 8
A single size is defined for both DL and UL fast DCI
Proposal 9
UEs should assume the same AL for all fast DCIs sent in sPDCCH within the same sTTI
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