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[bookmark: _Ref124589705][bookmark: _Ref129681862]Introduction
When a transport block (TB) transmission has time-budget for few retransmissions (as captured in the use cases defined in [1]), it is beneficial for achieving higher spectral efficiency (SE) to relax the initial transmission target BLER (e.g., up to) – thereby allowing gNB usage of higher MCSs – and then target a lower PDSCH/PUSCH BLER (e.g., down to or ) in the retransmissions in order to obtain ultra-reliability. Thus, only for the cases when decoding of initial transmission fails, the highly reliable but less spectrally efficient retransmissions has to be employed.
In order to secure the performance of retransmissions, the protection against PDCCH false alarm could be further enhanced by increasing the effective CRC error detection capability beyond the current value of 21 bits (FAR=4.77E-7). With target BLER=, FAR=4.77E-7 may not be enough low as multiple BD attempts on the same PDCCH candidate may further increase FAR up to and even above the target BLER.
In this contribution, we address false alarm improvement by providing a URLLC-specific DCI format for scheduling retransmissions that replaces the Frequency-Domain Resource Allocation (FDRA) bit field in the DCI of the first transmission with additional CRC. The size of retransmission DCIs remains unchanged, thereby not enhancing the number of blind decoding (BD) attempts.
The frequency-domain resources for retransmissions are determined according to the initial FDRA and a predefined retransmission size pattern called retransmission profile (RP), thereby making FDRA signaling in retransmissions unnecessary.
Sec. 2 describes the format of URLLC-specific retransmission DCI. It is also shown that the false-alarm rate (FAR) is reduced. Sec. 3 provides performance evaluation results. Appendix I describes RPs and shows how usage of a RP makes FDRA signaling unnecessary in retransmissions. Further details are provided in the Appendices.

[bookmark: _Ref129681832]DCI format for URLLC retransmissions
The proposed URLLC-specific DCI format for scheduling retransmissions replaces the Frequency-Domain Resource Allocation (FDRA) bit field in the initial DCI with additional CRC as shown in Figure 1. The initial transmission could either be scheduled by a compact DCI or a conventional DCI (see [1]). The FDRA field is filled with a first CRC word (CRCa in Figure 1) computed based on the other DCI bit fields. In case the so-obtained CRCa word size is not the same as the FDRA field, some bits of CRCa are punctured or repeated so as to obtain a new CRCa word having the same length as the FDRA field. The DCI field is then filled with CRCa bits so that the size of resulting DCI is equal to the initial size.
A second CRC word (CRC in Figure 1) is then computed based on the used DCI fields and CRCa. In Figure 1, crc16 and crc24c denote the cyclic generator polynomials specified in [4], Sect. 5.1. The CRC word is scrambled by RNTI and appended to the DCI to obtain a control packet. The control packet is further processed according to the specified NR procedure which consists in bit interleaving followed by polar encoding ([4], Sect. 7.3.3) and rate matching ([4], Sect. 7.3.4).
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[bookmark: _Ref527970119]Figure 1. DCI format 1_0 for scheduling URLLC retransmissions.

Observation: FDRA can be used to send additional CRC in DCIs scheduling retransmissions.

PDCCH reception
Reception of a TB is performed only after the two-step CRC/CRCa check passes. Figure 2 shows the DCI decoding steps leading to correct detection or false alarm.
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[bookmark: _Ref527894163]Figure 2: Procedure for receiving URLLC-specific PDSCH/PUSCH scheduling DCIs.

According to the procedure in Figure 2, the PDCCH receiver performs reception of a retransmission after passing the two-step CRC/CRCa check. In this way, retransmission false alarm is reduced by a double CRC check. Even in the case a wrong NDI indicates retransmission (e.g., produced by a CRC false alarm event), the CRCa check will fail as the decoded DCI does not contain any CRCa word.
We point out that the additional complexity of two-step CRC check is minimal compared to blind decoding. Thus, receiver complexity is not substantially increased by two-step CRC check.
Observation: Additional CRC does not increase the number of blind decoding attempts.
  
Performance evaluation
The performance improvements obtained by additional CRC are evaluated via Monte Carlo simulations on a Binary Symmetric Channel (BSC) model with error probability p. The achieved FAR versus BSC error probability p is shown in Figure 3 and Figure 4. Here, FAR is defined as the ratio of DCIs with residual errors after polar decoding that pass both the CRC check and the CRCa check. The total DCI length (including unused field) is 80 bits (24 bit CRC excluded) in Figure 3. A FDRA field of length 6 bits is assumed. For each control message, a CRCa word of size 6 bits is computed based on used DCI fields using the generator polynomial  from [4]. The CRCa word is then embedded in the DCI by replacing the FDRA field content with CRCa bits. A 24-bit CRC is then computed on the DCI with embedded CRCa using generator polynomial  from [4]. The 24-bit CRC word is then appended to the DCI. Performance evaluation results in Figure 3 show that the FAR of control message transmission with appended 24-bit CRC word and embedded 6-bit CRCa word is more than one order of magnitude better than the FAR of NR DCI transmission with appended 24-bit CRC word.
Figure 4 shows similar evaluations with a short DCI of length of 48 bits (including unused fields) as per description in [1]. A FDRA filed of 5 bits is assumed. For each control message, a CRCa word of size 6 bits is computed based on used DCI fields using the generator polynomial  from[4]. The CRCa word is then punctured to obtain a new CRCa word of 5 bits. New CRCa word is then embedded in the DCI by replacing the FDRA field content.  Blue coloured curve shows the case where first bit of additional CRC is punctured where green coloured curve shows the case where second bit of additional CRC is punctured. Performance evaluation results in Figure 4 shows that FAR of control message transmission is more than one order of magnitude better than the FAR of short DCI transmission with 24-bit appended CRC word.
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[bookmark: _Ref528833842]Figure 3. False-alarm rate for a DCI payload size of 80 bits (24 bits CRC excluded).
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[bookmark: _Ref532993452]Figure 4: False-alarm rate for a DCI with payload size of 48 bits (CRC excluded).


Observation: Additional CRC embedded in a DCI field improves retransmission FAR of more than one order of magnitude.

Proposal: NR should consider additional CRC for improving the false alarm rate of URLLC retransmissions.

Conclusions
[bookmark: _Ref124589665][bookmark: _Ref71620620][bookmark: _Ref124671424]We have the following observations and proposal: 
Observation: FDRA can be used to send additional CRC in DCIs scheduling retransmissions.
Observation: Additional CRC does not increase the number of blind decoding attempts.
Observation: Additional CRC embedded in a DCI field improves retransmission FAR of more than one order of magnitude.
Proposal: NR should consider additional CRC for improving the false alarm rate of URLLC retransmissions.
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Appendix I - Retransmission profile

We show here that usage of a non-uniform RP provides increased HARQ spectral efficiency. As the non-uniform RP is the same for all MCSs and target BLERs, RP can be captured in the specification. Alternatively, the network can semi-statically configure the RP in the UEs. Once a UE is instructed to use a given RP, the network can take advantage of that feature to alleviate PDCCH load.
One way to obtain PDCCH load reduction is to completely eliminate the frequency domain resource assignment (FDRA) in the DCI format for scheduling retransmissions and reuse it for other purpose. Obviously, this solution is agnostic to the usage of a potential short DCI in the first transmission (see [6]for a short DCI approach) as we keep the size of DCI for retransmission similar to the size of DCI for first transmission to guarantee the same number of blind decoding as in the first transmission.
The retransmission profile is a sequence of  positive real numbers , where  is the normalized length of the  retransmission,  is the length [bits] of the initial transmission,  is the length [bits] of the  retransmission and  is the maximum number of retransmissions.
The initial transmission sends  coded bits by sequentially reading a segment of consecutive bits from the circular buffer from starting position. In each retransmission, a segment of consecutive bits is read from the circular buffer in a predefined starting position  as specified in [4], Table 5.4.2.1.-2.  
Given the initial transmission length, the RP specifies the number of coded bits in each retransmission. Based on performance evaluation of HARQ schemes with NR LDPC codes over all rates and modulation orders, we propose to adopt a predefined and fixed retransmission profile with  retransmissions as
	
	(1)


with and . Here,  is the normalized length of the initial transmission.
Indeed, if in the initial transmission almost all the transmitted TBs are successfully decoded (i.e. there are mostly ACKs), the total number of coded bits in the first retransmission can be reduced to the benefit of increased spectral efficiency (SE).
On the other hand, in the SINR ranges where all the transmitted coded bits are not successfully decoded, (i.e. both ACK and NACK), SE depends both on the actual size of retransmission and the average number of coded bits per successfully decoded message. In this case, it is beneficial to increase the size of second and third retransmission as captured in (1), where the total number of transmitted coded bits in all transmissions is equal to . 
The number of coded bits in initial transmission are obtained from the MCS tables defined for different BLER targets; for URLLC, Table 5.1.3.1-3 [6] for PDSCH and 6.1.4.1-2 [6] for PUSCH would be used. As these tables contain almost identical sets of MCSs, one single retransmission profile is enough to cover all MCSs in both tables.
Performance evaluation 
The performance of HARQ with the proposed retransmission profile (RP) has been evaluated via link-level simulations. We have plotted the achieved spectral efficiency (SE) vs. received SNR on TDL-C fading channel for up to four transmissions.
The SE is defined as
	
	(2)


where  is the average number of coded bits per message,  is the modulation order and  is the number of information bits in the message.
A non-uniform RP is chosen as a result of simulation-based optimization:
 with and  on AWGN channel. The number of coded bits in initial transmission are obtained from the MCS tables defined for different BLER targets (10-1 and 10-5); Tables 5.1.3.1-1 and 5.1.3.1-3 [6] for PDSCH and Tables 6.1.4.1-1 and 6.1.4.1-2 [6] for PUSCH would be used.
We have considered a frequency-domain resource allocation of 50 RBs with subcarrier spacing of 15kHz and one OFDM symbol in the time domain for the initial transmission and derived simulation parameters such as LDPC code base graph (BG), modulation and code rate based from the 3GPP NR specification. Each retransmission uses an integer number of RBs – the smallest number of RBs needed to accommodate the coded bits.
The URLLC scheduler preferably allocates time-frequency resources where fading is small – or channel gain (=1/fading) is in its peak. However, as gNB has to concurrently serve multiple UEs, allocation of time-frequency resources with max channel gain might not be possible because those resources might be already assigned to other UEs. Therefore, scheduling does not completely eliminate fading. Additionally, URLLC transmissions are expected to be shorter in time and wider in frequency compared to eMBB transmissions. Therefore, performance evaluation has been carried out on a frequency selective fading channel model (TDL-C).
The spectral efficiency (SE) corresponding to retransmissions performed according to the RP above is plotted with red color in Figure 1. Figure 1(a) and Figure 1(b) show the performance evaluation results with TDL-C channel with 200ns delay spread and 1us delay spread, respectively. For comparison, the SE of baseline NR with uniform retransmission profile  is plotted in blue. The corresponding values used for  are captured in Appendix II. The systematic bit priority mapping interleaver in the first transmission is used according to [4]  (section 5.4.2). 
We observe from Figure 1(a) that an SNR gain of 2 dB over NR is obtained for target BLER=. Figure 1(b) shows an SNR gain of 1.5dB over NR. 
Additionally, an SE gain implies fewer data transmission and consequently fewer PDCCH transmission. Thus, as a further benefit, PDCCH load will be reduced.  
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Figure 5: SE versus SNR for MCS15 over TDL-C fading channel with delay spread 200ns (a) and 1s (b).
 




Appendix II

	CQI index
	Modulation
	Efficiency
	Initial code rate 
	BG
	 [bits]

	5
	QPSK
	0.3770
	0.1885
	2
	530

	6
	QPSK
	0.6016
	0.3008
	2
	332

	7
	QPSK
	0.8770
	0.4385
	2
	228

	8
	QPSK
	1.1758
	0.5879
	2
	170

	9
	16QAM
	1.4766
	0.3691
	2
	541

	10
	16QAM
	1.9141
	0.4785
	2
	417

	11
	16QAM
	2.4063
	0.6016
	2
	332

	12
	64QAM
	2.7305
	0.4551
	1
	725

	13
	64QAM
	3.3223
	0.5537
	1
	595

	14
	64QAM
	3.9023
	0.6504
	1
	507

	15
	64QAM
	4.5234
	0.7539
	1
	437


Table 1. MCSs and corresponding initial transmission sizes.
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