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[bookmark: _Ref129681832][bookmark: _Toc494788943]In the RAN1#90bis meeting, the following agreements targeting reliability and latency requirements have been made [1]:
Agreement
URLLC for LTE should target the requirement defined by ITU, i.e., 10-5 error probability in transmitting a layer 2 PDU of 32 bytes within 1 ms. Additional less stringent requirements can be considered.
Agreement
In addition to (10-5, 1ms, 32 bytes packet), URLLC for LTE should target the requirement of 10-4 error probability in transmitting a layer 2 PDU of 32 bytes within 10 ms.
In this contribution, we analyze some candidate solutions to achieve the reliability targets agreed above. The proposed solutions include diversity techniques as well as enhancements to the PDCCH and PUCCH.

Challenges for Ultra Reliability in DL Control
As shown by several companies in the previous meetings, a poor PDCCH reliability can prevent to achieve URLLC’s reliability targets. One of issues are PDCCH false positives during blind decoding (BD), which occur due to the limited CRC length. According to [2], this happens with a probability of approx.  and can lead to buffer contamination.

Missing a DCI
Missing a DCI causes the UE to miss the corresponding transmission, thus increasing the latency. Since the eNB does not receive an ACK for the corresponding transmission, it schedules a retransmission of the same transport block (TB). Although the reliability aspect is covered by a following retransmission issued by the eNB, at least one HARQ RTT passes to receive the data. In addition, the UE cannot make full use of the error correction capabilities of chase combining CC-HARQ and IR-HARQ due to the missed transmission. Considering a maximum of four HARQ retransmissions, only three redundancy versions can be combined at the UE side.
Observation 1: Missing a DCI increases the latency and prevents making use of full error correcting capabilities of CC and IR-HARQ.
The probability of missed DCI detection (DCI miss probability) is dominated by the error correcting capabilities of tail-biting convolutional codes (TBCC). Depending on the aggregation level (together with the payload size of a DCI, this matches a code rate ) and the SNR, an error probability  as a function of both is assigned to the event of missing a DCI. The SNR is a parameter of the channel and cannot be optimized for reliable transmission. Only the code rate  can be decreased to minimize . However, this parameter is limited by the maximum aggregation level, as well as the DCI payload size. 
Observation 2: The DCI miss probability is maximized by lowering the code rate. However, this is limited by the maximum aggregation level.

[bookmark: _Ref506467320]False positive blind decoding
In a legacy LTE system, a UE detects its DCIs by blind decoding (BD) its PDCCH region. This is done by checking decoding results against a 16-bit CRC scrambled with its RNTI. If the UE tries to blind decode a DCI with a certain aggregation level which does not match the underlying signal, the outcome of the decoding process is a random sequence. This results in an approximate probability of detecting a blind decoding attempt as a valid DCI of . Assuming the number of blind decoding attempts are N, the probability of a false positive decoding event is . This leads to the UE falsely receiving a DL assignment and attempting to decode the TBS. Furthermore, the decoding will fail and may lead to a contaminated buffer state. In any case, it leads to an unexpected behaviour at the UE. Especially, if the falsely buffered data is combined with a following correct transmission, the impact on reliability is disastrous.
Table 1 shows the probabilities of having at least one false positive DCI for different numbers of blind decoding attempts. Resulting numbers cannot reach the reliability target of  error probability as targeted by the first agreement.
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Observation 3: The false positive probability is significantly larger than the reliability target of , degrading the reliability of other transmissions. 

Candidate Techniques for DL Control
As identified in the previous sections, insufficient reliability of the control channel may negatively impact the overall performance of HRLLC. The false-positive event, as well as the DCI miss event, leads to an increased latency and degrades the reliability. Thus, enhancements of the control channel are inevitable. Next, we discuss potential solutions to overcome the previous mentioned issues.

Higher Aggregation Levels
The lowest possible code rate is mainly limited by the maximum aggregation level (AL) which determines the amount of Control Channel Elements (CCEs) available for the transmission of a DCI. However, having a high payload automatically results in a decrease of the code rate since the block size is limited. Thus, higher aggregation levels only used by HRLLC UEs can be introduced to enable more robust coding. Due to the rate gain, this lowers the miss probability of DCIs significantly. Nevertheless, the false-positive probability is not affected by this enhancement. Also, the BD effort of the HRLLC UE rises since it has to blind-decode one extra AL on top of the legacy ALs.
Observation 4: Higher aggregation levels lower the DCI miss probability. However, the false-positive detection probability remains the same. 
Proposal 1: Consider introducing new aggregation levels for lowering the DCI miss probability.

Extended CRC
The problem of false-positive detection may be tackled by increasing the CRC size. According to the formula in Section 2.2, the false-positive detection probability becomes , where c is the CRC size in bits. Table 2 shows the resulting false-positive probabilities for a 24-bit CRC. Obviously, the false positive probabilities decrease significantly by adding an extra 8 bits for the CRC. However, this incorporates also the drawback of this approach. Since the DCI payload size is increased, a higher aggregation level is required to achieve at least the same DCI miss probability performance. In addition, the decoding complexity is increased due to the larger payload size. This might have an impact on the total processing time and has to be studied.
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Observation 5: An extended CRC lowers the false positive detection probability at the cost of a higher DCI payload.
Proposal 2: Study impacts of an extended CRC on decoding complexity, false-positive detection and miss probability.

DCI Duplication
A different approach is DCI duplication. The eNB transmits at least two copies of the same DCI at corresponding locations, such that finding one copy by blind decoding enables cross checking with the other copy. Thereby, the DCI miss probability is reduced since both blind decoding attempts are independent of each other. It follows that . Additionally, the different DCIs at different locations can be combined to detect false-positive DCIs. Assuming that one detected DCI is a false-positive, this implies that in the corresponding location of the same DCI copy, the other control data for a different UE is stored. Combining the signals of both locations with subsequent decoding results in an even different sequence which does not match the first false-positive. Hence, the UE discards this DCI as a false-positive. This could also be done while processing data associated with the false-positive DCI. Only before combining the copies in the soft buffer, acknowledgment of the DCI content is required to prevent soft buffer contamination. In the other case that a valid DCI is found, a combination of the signals confirms the outcome of the blind decoding, even if the second DCI was missed. 
Table 3 shows the results of a simulation of a 45-bits DCI over a Rayleigh fading channel. The simulation setup is documented in Appendix. At 2.5 dB SNR, the false-positive probability is approximately the same as the false-positive probability of a 24-bit CRC. Even for an SNR of 3 dB, the false positive probability is slightly increased but still sufficiently small. However, also the DCI miss probability is reduced to  and , respectively, compared to the DCI miss probability of  and   which is achieved by a single copy of the DCI at the same rate.
Figure 1 compares the false-positive detection rates of the DCI duplication to the false-positive detection capabilities of single DCIs with 16 bits and 24 bits, respectively. As obvious, the false positive rate of DCI duplication stays significantly below , comparable to the 24 bit CRC false-positive detection. Further evaluations for different DCI payload sizes and ALs are required. Still, a significant decrease of false-positives is noticeable.
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[bookmark: _Ref506564624]Figure 1: Comparison of false-positive detection probabilities of a 45-bit DCI  over SNR.
Observation 6: DCI duplication lowers the false-positive probability as well as the missing probability significantly.
Proposal 3: Study DCI duplication and further impacts on the false-positive detection and DCI miss probability.

Conclusion
In this contribution, we have discussed challenges and potential solutions for the DL control channel for URLLC. We summarize our observations as follows:
Observation 1: Missing a DCI increases the latency and prevents making use of full error correcting capabilities of CC and IR-HARQ.
Observation 2: The DCI miss probability is maximized by lowering the code rate. However, this is limited by the maximum aggregation level.
Observation 3: The false positive probability is significantly larger than the reliability target of  degrading the reliability of other transmissions. 
Observation 4: Higher aggregation levels lower the missing probability. However, the false-positive detection probability keeps unchanged. 
Observation 5: An extended CRC lowers the false positive detection probability at the cost of a higher DCI payload.
Observation 6: DCI duplication lowers the false-positive probability as well as the missing probability significantly.
We have the following proposals:
Proposal 1: Consider introducing new aggregation levels for lowering the missing probability.
Proposal 2: Study impacts of an extended CRC on decoding complexity, false-positive detection and miss probability.
Proposal 3: Study DCI duplication and further impacts on the false-positive detection and DCI miss probability.
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Table 4: Simulation assumptions for DCI duplication simulation
	Channel model
	Rayleigh fading

	SNR
	0 dB – 3.5 dB

	DCI payload
	45 bits

	CRC size
	16 bits

	Channel Code
	TBCC, rate-1/3

	Decoder
	Viterbi
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