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1 Introduction

In the new WI on Short TTI and reduced processing [1] the (selected) detailed objectives are set to be:

For Frame structure type 1: [RAN1, RAN2, RAN4]

· Specify support for a transmission duration based on 2-symbol sTTI and 1-slot sTTI for sPDSCH/sPDCCH 

For Frame structure type 2: [RAN1, RAN2, RAN4]

· Specify support for a transmission duration based on 1-slot sTTI for sPDSCH/sPDCCH/sPUSCH/sPUCCH

In this contribution, we discuss the different methods for scheduling sTTI, and conclude on the most favorable solution.

The conclusion from RAN1#85 is

· Further discussion during the WI phase (if WI is approved) regarding the single-level DCI vs. two-level DCI considering aspects such as overhead, complexity, potential scheduling restriction, search space design, the corresponding performance, impact of different TTI lengths (if any), etc.

· Note: this conclusion is not be included in the TR

2 Discussion

2.1 Comparison of methods for scheduling sTTI

Two main methods are discussed below: single level DCI and two-level DCI.

2.1.1 Single level DCI 

Within a single level DCI means transmitting most transmission parameters in one DCI for each scheduled sTTI. This is similar to today’s DCI sent on PDCCH.

Single level DCI thus contains information related to resource allocations such as carrier indicator, resource allocation type and resource block allocation. Other information is related to reference signals and data transmissions such as modulation and coding scheme (MCS), new data indicator (NDI), cyclic shift (CS) of the uplink demodulation reference signals (DMRS), precoding information and transmit power control (TPC). A third category of information is related to channel sounding and control such as SRS request, CSI request, UL index (for TDD), and DCI format 0/1A indication (only in DCI format 0 and 1A). In total, this information sums up to about 70 bits for a DL allocations and more than 50 bits for an UL grant (based on DCI format 2D and 4 respectively with an FDD system allocation of 20 MHz, see Table 1 and Table 2). Some of these information fields might be removed for short TTI operations while other additional fields might be needed, see detailed discussion in previous paper [2]. Out of these bits, approximately 25 bits are used for the resource allocation in downlink allocations and 13 bits for the uplink grant, for a system bandwidth of 20 MHz (i.e. 100 RBs). With a system bandwidth of 10 MHz (50 RBs), the downlink resource allocation requires 17 bits (with P=3) and 11 bits for an uplink grant.
Table 1 Examples of downlink bit fields within DCI for short TTI
	Field
	Number of bits
	Comments

	Resource block assignment DL
	25

	According to 3GPP TS 36.212 section 5.3.3.1.5
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 resource blocks.

	TPC for (s)PUCCH 
	2
	

	HARQ process ID
	3
	8 processes

	Precoding and layer information
	3
	

	MCS
	2x5
	2 Transport blocks

	NDI
	2x1
	2 Transport blocks

	RV
	2x2
	2 Transport blocks

	QCL
	2
	

	CRC
	16
	

	Total
	67
	


Table 2 Examples of uplink bit fields within DCI for short TTI

	Field
	Number of bits
	Comments

	Resource block assignment UL
	13

	According to 3GPP TS 36.212 section 5.3.3.1.1
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 resource blocks.

	TPC 
	2
	

	Cyclic shift of DMRS
	3
	

	CSI request
	2
	

	SRS request
	2
	

	MCS+RV

	2x5
	2 Transport blocks

	NDI
	2x1
	2 Transport blocks

	Precoding and layer information
	3
	

	CRC
	16
	

	Total
	53
	


The downlink allocation needs to be transmitted for each sTTI with a single level DCI. Assuming 6 sTTIs of 2 symbols in a sub-frame, the number of bits used for downlink frequency allocations equals 6*25=150 bits. If the same frequency allocation is used for all downlink transmissions with sTTI within a sub-frame, the same information is then transmitted 6 times. 

In the same manner, the uplink frequency grants need to be transmitted for each uplink sTTI, with a single level grant. Here, there might be up to 8 sTTIs of 2 symbols in uplink within a sub-frame such that the number of bits for the uplink frequency allocation equals 8*13 = 104 bits with a single level DCI. Compare this to the 13 bits needed in case the uplink frequency allocation is transmitted once in each sub-frame.

Observation 1  With a single level DCI for sTTI operation, the overhead becomes large due that the same information is transmitted multiple times.
2.1.2 Two-level DCI

The basic intention with two-level DCI is to reduce the control information sent in each sTTI to limit the control overhead. Some of the transmission parameters can be transmitted once per subframe in a slow DCI while the remaining transmission parameters are updated in every sTTI in a fast DCI mapped to sPDCCH. Consequently, the content of the slow DCI applies to more than 1 sTTI and can be carried on PDCCH, while the content of the fast DCI applies to a specific sTTI and is carried on sPDCCH.

Proposal 1 Slow DCI and fast DCI have complementary fields.
Another variant of two-level DCI was proposed in [3], where slow DCI pre-schedules short TTI UEs for an entire subframe and fast DCI may be sent in addition to override the slow DCI for a given sTTI. In this variant, the slow DCI fixes the scheduling decisions for all sTTIs of the entire subframe. Settling the scheduling decisions for sTTI only once per subframe should be avoided as it has negative impact on latency of short TTI users mainly for two reasons. First, a retransmission may be needed during the subframe but all sTTIs are already scheduled potentially for other UEs. Second, traffic for a non-scheduled UE may arrive in the middle of the subframe, but all sTTIs are already scheduled for other UEs. In both cases, the latency of the considered UE increases despite the usage of short TTIs.

To maintain the latency benefits of sTTI, it is recommended that only information that is not fundamentally UE-specific is transmitted in slow DCI. One example is the frequency allocation which does not need to be changed more often than once per subframe. It is up to the eNB to reserve sufficient bandwidth for sTTI operation at the beginning of the subframe to meet the need of active sTTI UEs. Another example of information that could be included in the slow DCI is the sTTI length in downlink for the current subframe. It should be noted that scheduling information contained in the slow DCI and related to UL will only be valid after a delay that needs to be defined.
Proposal 2 Slow DCI includes at least frequency information for sPDSCH and sPUSCH
Including information that is not UE-specific in the slow DCI has the additional advantage that slow DCI can be mapped to the common search space of PDCCH. The slow DCI should thus be addressed to all UEs configured with sTTI operation. Thus, it is possible to schedule a sTTI UE at the earliest sTTI following a sudden arrival of data for this UE in the middle of a subframe, since the UE has already decoded the slow DCI. For uplink, a UE which transmits a Scheduling Request (SR), can either be given an uplink grant for legacy PUSCH or an sPUSCH. If the UE is configured for sTTI operation, it is decoding the slow DCI before, or at least in the sub-frame after, the SR, such that it is prepared for receiving a fast DCI with sPUSCH grant.
Observation 2 In case of sudden arrival of data in the middle of a subframe, the two-level DCI scheduling method supports fast scheduling of a UE already configured for sTTI operation. 

Proposal 3 Slow DCI is sent in CSS on PDCCH.
2.2 Comparison of single-level DCI and two-level DCI

2.2.1 Reduction in terms of payload

The number of bits in the DCIs within a sub-frame will be quite large if a DCI is transmitted in each sTTI. For example, with a sTTI of 2 OFDM symbols we can fit 6 sTTIs in downlink within one sub-frame, if the PDCCH is allocated to 2 OFDM symbols. The number of bits to be transmitted is thus more than 6*70 = 420 bits. If instead some bits are transmitted in a common slow DCI, e.g. the downlink frequency allocation of 25 bits with a CRC of 16 bits, the total number of bits will be 25+16+6*(70-25) = 311 bits, which is a reduction with 25%. 

To reduce the overhead of the DCI(s) for sTTI, the resolution of the downlink frequency allocation can be reduced by increasing the RBG size (see [4] section 7.1.6.1). If the number of bits for the downlink frequency allocation is reduced by 10 bits from 25 bits to 15 bits for instance, the number of bits to be transmitted per subframe for the single level DCI is thus more than 6*(70-10) = 360 bits. For the two-level DCI the total number of bits will be 15+16+6*(70-25) = 301 bits, which is a reduction with 16%.

For uplink we might be able to fit up to 8 sTTIs, such the number of bits to be transmitted is approximately 8*50 = 400, with one DCI per sTTI. With a common DCI for all these uplink sTTIs with e.g. the uplink grant of 13 bits and a CRC which is common with the slow DCI carrying the DL grant, we only need to transmit 13+8*(50-13) = 309 bits, a reduction with 23%. See also [2] which includes a detailed discussion of possible bit fields to be included in fast and slow DCIs.
Observation 3 Two-level DCI can reduce the required payload with 25% in case of 2 symbol TTI.

2.2.2 Reduction in terms of number of CCEs
The number of CCEs in sPDCCH required for transmitting a UE-specific DCI depends on the DCI payload, the SINR of the UE and the target BLER for sPDCCH. To compare the number of CCEs required for single level DCI and two-level DCI, system level simulations are used based on the scenario defined during the study item. Simulation assumptions are described in the Annex. Link level performance of sPDCCH [5] for the payload of single level DCI and for the one of fast DCI were included in the system level simulator to be able to select the right number of CCEs for a given UE based on the UE’s SINR in order to achieve a target sPDCCH BLER of 1%. For two-level DCI 4 CCEs are assumed for slow DCI.
The system level simulation results for the median DCI overhead with the single-level and two-level DCI methods are depicted in Figure 2. The DCI overhead is calculated based on the number of resource elements (RE) utilized for transmitting short TTI-related DCIs during 1ms subframe scaled by the total number of REs in a subframe. So, for two-level DCI, both the overhead of slow and fast DCI are captured in Figure 2. As observed, the results show that two-level DCI uses much fewer resources compared to single level DCI for all system loads simulated. It should be noted that due to its lower payload the fast DCI often requires a lower CCE aggregation level compared to single level DCI to reach a 1% sPDCCH BLER at a given SINR. The gap between the overhead due to single level DCI and two-level DCI increases with the load. At medium-high load, it is more likely to have several co-scheduled users that need separate DCI messages. So, at medium-high load, the payload of each DCI message matters more, especially to achieve a 1% BLER at reduced SINR due to higher interference.

Observation 4 The sTTI scheduling overhead in terms of occupied REs reduces by 25-40% at medium-high load with two-level DCI compared to single-level DCI.
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Figure 1 sPDCCH overhead with single-level and two-level DCI
3 Conclusion

In section 2 we made the following observations:
Observation 1
With a single level DCI for sTTI operation, the overhead becomes large due that the same information is transmitted multiple times.
Observation 2
In case of sudden arrival of data in the middle of a subframe, the two-level DCI scheduling method supports fast scheduling of a UE already configured for sTTI operation.
Observation 4
Two-level DCI can reduce the required payload with 25% in case of 2 symbol TTI.
Observation 6
The sTTI scheduling overhead in terms of occupied REs reduces by 25-40% at medium-high load with two-level DCI compared to single-level DCI.


Based on the discussion in section 2 we propose the following:
Proposal 1
Slow DCI and fast DCI have complementary fields.
Proposal 2
Slow DCI includes at least frequency information for sPDSCH and sPUSCH.
Proposal 3
Slow DCI is only sent in CSS on PDCCH.
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5 Annex
5.1 Simulation assumptions

5.1.1 Scenario parameters

	Parameter
	Value

	Number of sites, sectors per site
	7, 3

	Inter-site distance
	500m

	UE dropping
	Random uniform, 80% indoor

	UE speed.
	0 (no mobility)

	UE Multipath speed
	3 km/h 

	Frequency, duplex
	2 GHz, FDD

	Bandwidth
	10 MHz

	TX power
	46 dBm (eNB), 0.25 dBm (UE)

	Antenna heights
	25m (eNB), 1.5m (UE)

	N TX antennas x M RX antennas
	2x2 (eNB), 1x2 (UE)

	MIMO
	2x2 (DL), 1x2 (UL)

	Antenna pattern
	3GPP TR36.819

	Noise figure
	5dB (eNB), 9dB (UE)

	FTP download file size
	100kB

	FTP model
	3

	Fast Fading Model
	ITU Uma TR36.819

	Pathloss Model
	ITU Uma TR36.814

	TCP Configuration
	Slow Start: Exponential default

Congestion Avoidance: Reno

Initial Window Size: 3

Slow Start Restart: 1s

TCP congestion window increase during slowstart: according to RFC2581, unless otherwise mentioned


5.1.2 System parameters

	Parameter
	Value

	Number of PDCCH symbols
	2

	CQI report delay
	6ms

	Link adaptation
	According to TBS selection from Section 2.1.1;
Outer-loop correction (Target BLER 10%)

	Core, transport, and internet delay
	0ms, 10ms

	RLC AM max ReTX threshold
	32

	Scheduler algorithm
	Proportional fair

	UL access
	SR-based

	UL retransmissions
	Non-adaptive


	Parameter
	14 symbols TTI
	7 symbols TTI
	4 symbols TTI
	2 symbols TTI

	SRS period
	10ms / 10 TTI
	10ms / 20 TTI
	10ms / 35 TTI
	10ms / 70 TTI

	CQI period
	5ms / 5 TTI
	5ms / 10 TTI
	5ms / 18 TTI
	5ms / 35 TTI

	SR period
	1ms / 1 TTI
	0.5ms / 1 TTI
	2/7ms / 1 TTI
	1/7ms / 1 TTI

	sPDCCH size
	0
	dynamic
	dynamic
	dynamic

	PUCCH TTI
	14 symbols
	7 symbols
	4 symbols
	2 symbols

	PUCCH allocation
	1 PRB
	5 PRB
	5 PRB
	5 PRB

	UL DMRS symbols
	2
	1
	1
	1

	TBS selection
	PRB based
	RE based
	RE based
	RE based

	UL grant to data delay
	4ms / 4 TTI
	2ms / 4 TTI
	8/7ms / 4 TTI
	4/7ms / 4 TTI

	SR to UL grant delay
	4ms / 4 TTI
	2ms / 4 TTI
	8/7ms / 4 TTI
	4/7ms / 4 TTI

	UL HARQ delay
	4ms / 4 TTI
	2ms / 4 TTI
	8/7ms / 4 TTI
	4/7ms / 4 TTI

	DL HARQ delay
	4ms / 4 TTI
	2ms / 4 TTI
	8/7ms / 4 TTI
	4/7ms / 4 TTI

	DL HARQ to reTx delay
	4ms / 4 TTI
	2ms / 4 TTI
	8/7ms / 4 TTI
	4/7ms / 4 TTI

	Number of STTI bands in UL/DL
	No limit
	4
	4
	4

	DL sTTI band minimum size
	1 PRB
	12 PRB
	12 PRB
	12 PRB

	UL sTTI band minimum size
	1 PRB
	10 PRB
	10 PRB
	10 PRB


5.1.3 Link level simulation assumptions
	Parameter
	Value

	Carrier frequency
	2 GHz

	Short TTI bandwidth
	50 RB (10 MHz)

	TTI length
	2

	Channel model 
	EPA, EVA

	UE speed
	3km/h (5.56 Hz), 60 km/h (111 Hz)

	Antenna configuration
	2Tx(eNB), 2Rx(UE)

	CP length
	Normal

	Receiver type
	MMSE

	Channel estimation
	Practical
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