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1. Introduction

At RAN1 #92, it was agreed to study the necessity of compact DCI further and one set of link-level simulation assumptions was also agreed. In this contribution, we provide both link-level and system-level simulation results and give our views on compact DCI for URLLC. 

2. Discussion

2.1 Reliability requirement

First of all, it is unclear exactly how reliable PDCCH has to be in order to ensure the overall requirement of URLLC. The performance requirement of the PDCCH for URLLC was analyzed in [2] and [3]. A general observation is that the reliability of the PDCCH in URLLC has to be significantly higher compared to the PDCCH in LTE (1%). Moreover, as discussed in [4], for NR-URLLC it is necessary to support one-shot DL transmissions without HARQ-ACK feedback even if this is not the best choice from the spectrum efficiency point of view. Therefore, the operating BLER of the PDCCH for URLLC should be similar or even lower than the corresponding PDSCH BLER. Assuming the most stringent requirement for PDSCH BLER of 1e-5, the requirement for the PDCCH BLER should be at least the same. 
Proposal 1: For transmission without HARQ-ACK feedback, the operating BLER of the PDCCH for URLLC should be on the order of 1e-5 or smaller.
2.2 Necessity of compact DCI
In this section, we first discuss whether there is a need to define new DCI format(s) that have a smaller DCI payload size than DCI format 0_0 and DCI format 1_0. 
1)  Link-level performance analysis
According to 38.212, for an active bandwidth part with 100 PRBs, the payload sizes of DCI format 0_0 and DCI format 1_0 are about 40 bits excluding CRC. In the following, link level evaluations are provided assuming two different DCI payload sizes of 24 and 40 bits excluding CRC or 48 and 64 bits with CRC, respectively. The simulation assumptions are provided in Appendix 1 and the BLER performances of the PDCCH are shown below in Figures 1 and 2. 
Reducing the DCI payload size improves the PDCCH BLER performance since the effective code rate is much lower. No matter what other improvements are going to be agreed (e.g. higher AL, PDCCH repetition, more RX antennas, etc.) the compact DCI will always work and improve the PDCCH reliability. In Figures 1 and 2, it can be observed that the DCI with payload size of 24 bits provides around 1 dB gain compared to that of 40 bits at BLER of 1e-5. Moreover, the gains achieved at different ALs are shown in Table 1. From another perspective, for any given SINR, a new DCI format(s) with a smaller DCI payload size than DCI format 0_0 and DCI format 1_0 can increase PDCCH reliability.
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Figure 1 Evaluation results for PDCCH reliability of TDL-A
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Figure 2 Evaluation results for PDCCH reliability of TDL-C

Table 1 Gains by reducing the DCI payload size from 40 bits to 24 bits for different ALs
	
	AL=16
	AL=8
	AL=4
	AL=2
	AL=1

	TDL-A 30ns
	0.8dB
	1.5 dB
	1.5 dB
	2 dB
	2 dB

	TDL-C 300ns
	1.5dB
	1dB
	1.5 dB
	1.5 dB
	2.5 dB


Observation 1: For 1e-5 target BLER, around 1dB gain can be achieved by reducing the DCI payload from 40 bits to 24 bits without CRC for AL 16.
2) System-level performance analysis

The CDF of DL geometry according to 38.802 in urban macro deployment is shown in Figure 3 below. It can be seen that the 5th percentile DL geometry is -4dB. 
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Figure 3 Geometry of SINR in Urban macro deployment 

Considering the link-level and system level results together for BLER=1e-5, the ratios of UEs selecting each AL are shown in Figure 4 for 24 bits and 40 bits respectively. It is noted that although ideal PDCCH link adaptation is assumed, this still provides good insight on the benefit in resource saving by reducing the DCI payload. The resources saved from PDCCH can be directly translated into increased URLLC capacity, i.e. more URLLC UEs can be scheduled simultaneously or more resources can be allocated for URLLC data transmissions.
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Figure 4 Ratios of UE number at every AL to the total UE number
It can be seen from Figure 4 that, in order to meet BLER=1e-5, for higher AL, such as AL=8 and 16, the ratio of UE number to the total UE number for DCI payload size of 40 bits is larger than that of 24 bits, i.e. larger DCI payload sizes also need a higher AL. The DCI with smaller payload size will therefore consume fewer resources. The average number of required CCEs is shown in Table 2 below, more than 20% of the resources can be saved if the DCI with smaller payload is adopted.
Table 2 the average number of required CCEs for different DCI Payload sizes
	DCI payload size (bits)
	The average number of required CCEs (BLER=1e-5)

	
	TDL-A 30ns
	TDL-C 300ns

	24
	3.31
	3.14

	40
	4.02
	3.90

	Resource saving gain
(from 40 to 24 bits)
	21.45%
	24.2%


Observation 2: A compact DCI with a smaller DCI payload size than DCI format 0_0 and DCI format 1_0 requires more than 20% less resources in order to meet BLER of 1e-5.
3) Blind detection analysis
Even if a new DCI format(s) with a smaller DCI payload size than DCI formats 0_0 and DCI format 1_0 is introduced, the number of blind detections for the UE can remain unchanged. This is because the DCI sizes to be monitored by a UE are configurable. For URLLC UEs, only compact and fallback DCIs need to be monitored. For eMBB UEs, only normal and fallback DCIs need to be monitored. UEs supporting eMBB and URLLC at the same time, can be configured to monitor these three DCI sizes. For this case, the BD complexity will be increased，but when either one or both limiting factors is/are met, e.g. the number of blind decodes, the CCEs for channel estimation, the BD could be kept the same as before by dropping some PDCCH candidates according to some rules listed in our companion contribution [7].
4) Scheduling flexibility analysis

In order to reduce the DCI payload, bit fields of the frequency domain RA can be decreased. This may have some impact on PDSCH scheduling flexibility which needs to be carefully studied. 
On one hand, as discussed later in section 2.3, it is preferable to allocate a larger bandwidth to URLLC, so that it can be transmitted in a timely manner with guaranteed reliability. Scheduling flexibility is typically not a big issue. The resource waste may become a problem for UEs at higher SINR which requires less resources. 
On the other hand, the possible resource waste can be compensated by the resources saved by adopting a smaller DCI payload. According to the system-level study in 2), a compact DCI with a smaller DCI payload size than DCI format 0_0 and DCI format 1_0 requires  more than 20% less resources in order to meet BLER=1e-5. 
In the following, two schemes are compared and the metric is the number of URLLC users satisfying the prescribed latency and reliability requirements. The simulation assumptions are provided in Appendix 2.
· Scheme1: Compact DCI scheduling, control overhead=14.29%, RBG size=8RB
· Scheme 2: Normal DCI scheduling, control overhead=17.86% , RBG size=1RB
According to the system-level simulation, it was observed that the gain of scheme 1 compared to scheme 2 is 4.7%, thus to say, although the scheduling flexibility is influenced by reducing DCI payload size, the system-level performance is still better than using a larger DCI size, because the resources saved from PDCCH can be directly translated into increased URLLC capacity.

Based on the analysis above, it is beneficial and feasible to adopt a new DCI format with a smaller DCI payload size than DCI format 0_0 and DCI format 1_0.
Proposal 2: Support a new DCI format(s) design that has a smaller DCI payload size than DCI format 0_0 and DCI format 1_0 for URLLC.

2.3 Compact DCI format design
 In the following, we provide some details for the DL and UL compact DCI format design.
1) DL Compact DCI design
Header: It was agreed that 1 bit header will be used to distinguish UL and DL. 
Frequency domain resource allocation: Due to the tight latency and high reliability requirement, it is more favorable to allocate a larger bandwidth to URLLC, so that it can be transmitted in a timely manner with guaranteed reliability. In this case, the flexibility of resource allocation becomes less critical, and a much coarser frequency granularity can be adopted. Regarding the resource allocation type, a modified resource allocation type 1 can be considered where the smallest resource allocation unit is based on RBG. In the last meeting, the RBG table design for type 0 was agreed. This table could be reused for the modified resource allocation type 1, and the configuration of RBG size for type 0 could be reused too. Then, the bit field of the frequency domain resource allocation is equal to
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. Assuming a BW of 100RBs and a RBG size of 16 RBs, then for the modified type 1 frequency domain RA, 5 bits are needed in the bit field of the DCI.
Time domain resource allocation: For time domain resource allocation of the PDSCH, the DCI shall provide an index into a UE-specific table from which the K0, OFDM starting symbol and PDSCH duration as well as its mapping type are identified. The table is configured by RRC signaling, and consists of up to 16 rows. With a smaller PDCCH monitoring granularity, the time domain resource allocation table configured for URLLC can be small, i.e. 4 rows out of 16 are sufficient. Therefore, not more than 2 bits in the compact DCI are needed for the PDSCH time domain resource allocation. If only one entry is configured, the time domain resource allocation field does not need to exist in the DCI, RRC configurations of this single entry would be sufficient. Although it has been agreed for eMBB that the slot boundary is used as the reference to determine the SLIV, for URLLC this would be an unfortunate choice. In order to improve the PDSCH scheduling flexibility and to decrease the latency, using the boundary of the PDCCH region as reference point should be supported for the compact DCI.-The details could be seen in [8].
HARQ process number, NDI, RV and MCS/TBS: Only one set of {NDI, HARQ process number, MCS} bit field is needed since that only one TB is supported in RAN1 92 meeting. Considering that the SINR statistics for one UE may not cover a large value range [5], a UE-specific MCS indication with fewer number of bits can also be considered. As for the HARQ process number, it was agreed that 4-bits should be fixed both for the fallback DCI and the non-fallback DCI. For URLLC, this is unnecessary and it can be set according to the number of HARQ processes configured by higher layer, assuming up to 8 HARQ processes are supported, 3bits are enough in the DCI.
HARQ-ACK timing: It was agreed that 3 bits are used to indicate K1 slot-timing in normal DCI. For URLLC, a fast HARQ RTT is needed and 2 bits are sufficient. Also to reach a more concise DCI, HARQ-ACK field can be removed, and it can be implicitly indicated by PDSCH location and UE capability.
PUCCH resource allocation：In #92 meeting, it was agreed to use 3 bits to indicate 8 (up to 32) PUCCH resources, which is not preferred for the reliability of PDCCH. For URLLC, this field can be reduced as the starting symbol of PUCCH can be implicitly indicated together with HARQ-ACK timing. For the PUCCH resources with the same starting symbol, 1 bits indicator is enough to indicate the PUCCH resource.
TPC field: This field should be same as for DCI format 1_x for guaranteeing the reliability of PUCCH. 

Other DCI fields: In order to keep a concise DCI, other fields for the DCI formats 1_1 should be removed, such as carrier indicator, BWP indicator and rate matching indicator and so on. The information indicated by these fields could be either made configurable or could be fixed in the specification. 
A-CSI trigger: According to the analysis in [6], it is preferred that a 1-bit A-CSI trigger field can be included. 
To support URLLC PDSCH repetition, the number/pattern of repetitions needs to be indicated [4]. To minimize the overhead, implicit indication based on the aggregation level of the detected DCI can be considered. Different aggregation levels represent different coding rates of the detected DCI and related to different channel qualities and are applied for UEs in different coverage situations. Hence, it is possible to use the detected aggregation level of the DCI to indicate the repetition number of the scheduled PDSCH as long as they experience the similar channel. 

Proposal 3: Consider the following DL compact DCI format for URLLC
	DCI field
	Header
	Frequency domain resource allocation
	Time domain resource allocation
	HARQ process
	MCS
	NDI
	RV
	HARQ-ACK timing 
	TPC 
	PUCCH resource
	A-CQI

 
	CRC
	Total payload size

	# bits
	1
	5
	2
	3
	4
	1
	2
	2
	2
	1
	1
	24
	48


2) UL Compact DCI design

Some common fields, such as header, frequency/time domain resource allocation, HARQ process number, NDI, RV, MCS/TBS, TPC command, can be same as for the DL compact DCI. Consideration on other specific fields is provided as follows:

Beta-offset indicator: In order to decrease the payload size of the compact DCI in UL, the beta-offset indicator should be removed, it can either be made configurable or fixed in specification.

Based on the above analysis, we have the following proposal. 
Proposal 4: Consider the following UL compact DCI format for URLLC

	DCI field
	Header
	Frequency domain resource allocation
	Time domain resource allocation
	HARQ process
	MCS
	NDI
	RV
	Frequency hopping flag
	TPC 
	CRC
	Total payload size

	# bits
	1
	5
	2
	3
	4
	1
	1
	1
	2
	24
	44


3. Conclusion
In this contribution, we provide our view on the control channel design aspects for URLLC and have the following observations and proposals

Observation 1: For 1e-5 target BLER, around 1dB gain can be achieved by reducing the DCI payload from 40 bits to 24 bits without CRC for AL 16.
Observation 2: A compact DCI with a smaller DCI payload size than DCI format 0_0 and DCI format 1_0 requires more than 20% less resources in order to meet BLER of 1e-5.
Proposal 1: For transmission without HARQ-ACK feedback, the operating BLER of the PDCCH for URLLC should be on the order of 1e-5 or smaller.
Proposal 2: Support a new DCI format(s) design that has a smaller DCI payload size than DCI format 0_0 and DCI format 1_0 for URLLC.

Proposal 3: Consider the following DL compact DCI format for URLLC

	DCI field
	Header
	Frequency domain resource allocation
	Time domain resource allocation
	HARQ process
	MCS
	NDI
	RV
	HARQ-ACK timing 
	TPC 
	PUCCH resource
	A-CQI

 
	CRC
	Total payload size

	# bits
	1
	5
	2
	3
	4
	1
	2
	2
	2
	1
	1
	24
	48


Proposal 4: Consider the following UL compact DCI format for URLLC

	DCI field
	Header
	Frequency domain resource allocation
	Time domain resource allocation
	HARQ process
	MCS
	NDI
	RV
	Frequency hopping flag
	TPC 
	CRC
	Total payload size

	# bits
	1
	5
	2
	3
	4
	1
	1
	1
	2
	24
	44
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Appendix 1
Table A1 Simulation assumption
	Parameters
	Value

	DCI payload (excluding 24bits CRC)
	40bits, 24bits 

	System bandwidth
	20MHz

	Carrier Frequency
	4GHz

	Number of symbols for CORESET
	2

	CORESET BW (contiguous PRB allocation)
	20MHz

	Subcarrier spacing
	30KHz

	Aggregation level
	1,2,4,8,16

	Transmission type
	Interleaved

	REG bundling size
	6

	Modulation 
	QPSK

	Channel coding
	Polar code (DCI)

	Transmission scheme
	1-port precoder cycling

	Channel estimation
	Realistic

	Channel model
	TDL-A (delay spread: 30ns)

TDL-C (delay spread: 300ns) 

	UE speed
	3 km/h

	Number of BS antennas
	2Tx

	Number of UE antennas
	4Rx 

	Residual target BLER 
	10^-5

	Deployment
	Urban macro as listed in 3GPP 38.802

	SINR target
	Compact DCI study: 5th percentile DL geometry


Appendix 2

Table A2 Simulation assumptions

	Parameters
	Description

	Deployment scenarios
	Homogeneous network (7*3 site)

	Inter-BS distance
	500 m

	Carrier frequency
	4 GHz

	Subcarrier spacing
	30kHz 

	Scheduled PDSCH time-domain
	7 symbols

	Simulation bandwidth
	20 MHz

	Channel model
	3D Uma

	BS Tx power
	46 dBm

	BS antenna configurations
	2TX

	BS antenna height
	25 m

	BS antenna element gain + connector loss
	8dBi

	UE antenna configurations
	2RX

	UE antenna height
	Follow the modelling of TR 36.873

	UE antenna gain
	0 dBi

	UE receiver noise figure
	9 dB

	Traffic model
	URLLC: FTP Model 3 with MAC packet size 32bytes

	UE distribution
	20% Outdoor in cars: 30 km/h,

80% Indoor: 3 km/h

URLLC: 10 UE/sector

eMBB: 10 UE/sector

	UE receiver
	MMSE-IRC
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