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Introduction
In RAN1 Ad Hoc meeting [1] we had the following agreement about the blocking probability of PDCCH:

Agreements:
· Blocking probability of DL control channel should be taken into account in NR-PDCCH design

In this contribution we first discuss the importance of lowering the blocking probability of Control Channel for URLLC to achieve reliability, especially for the case of extreme low latency (when the possibility of retransmission is limited to one-shot or two-shot transmission). To lower the probability of PDCCH blocking, one approach is through the search space design which is discussed in our companion contribution [2]. Another approach is to change the way CCEs are formed and REGs are mapped to CCEs. In this document, we focus a design approach based on non-orthogonal control channel design for URLLC which we first introduced in RAN1#86bis [3]. Simulation results will be then provided to show the advantage of using non-orthogonal control channel design over the conventional orthogonal designs for this usage scenario. 

Discussion 
For the URLLC usage scenario, NR needs to adhere to strict latency and reliability requirements. To satisfy the low latency and high reliability requirement, the physical control channel should have very small blocking probability, which is the probability that no control channel is assigned to a user that needs service. For the URLLC data, failure rate of less than 10-5 has been considered and because control channel is expected to be more reliable than data, failure rate of the control channel (including the blocking probability and the block error rate) should be around 10-6. In the case of possible retransmission, the requirement for reliability of each transmission is less strict and the failure rate of each transmission can be around 10-3 for the case of two-shot transmission (i.e., at least one re-transmission). However, using traditional designs of PDCCH, even achieving blocking probability of less than 10-3 is problematic.  
In previous designs for EDPCCH in LTE advanced, it was observed that having overlapping search spaces for different UEs makes it possible for the gNB to better avoid UE collision in the DL control channel and lower the blocking probability. However, the blocking probability of the legacy designs for DL control channel is still much higher than the strict requirements for URLLC applications. Indeed, with very tight limits on latency, there is no time for the second try in many URLLC applications. In this case, the limit on the probability of user blocking becomes comparable to the limit on the probability of unsuccessful data transmission, which is considered around 10-5 for URLLC. In this section, we discuss using overlapping NR-CCEs (along with having overlapping search spaces) to drastically lower the user blocking probability in DL control channel.
In RAN1#86bis it was agreed to study the case where multiple NR-CCEs may share one or more PRBs. Also, an NR-REG is the set of Res on the same OFDM symbol of a PRB. Figure 1 illustrates an example of two overlapping NR-CCEs which share one PRB (and therefor share an REG), as indicated in the agreement.  


[bookmark: _Ref466047980]Figure 1 Example of two overlapping NR-CCEs which share one PRB
An example of non-orthogonal control channel design using overlapping CCEs, where the CCEs can overlap in one or more REGs is shown in Figure 2. In this example, for each UE, a group of NR-REGs are assigned based on the corresponding signature of the UE. The signature is a sequence of 1s and 0s, of the length of the number of NR-REGs, showing the inclusion of NR-REGs in the correspond NR-CCE. We have assumed each NR-CCE is composed of 16 NR-REGs, corresponding to the UE’s signature, which is a sequence of 1s and 0s of length 16. For instance, the signature 1001000000000011 corresponds to the inclusion of NR-REGs with indices of {0, 3, 14, 15}. The number of 1s in the signature depends on the required coverage for the UE. As shown in Figure 2, the pair of signatures NR-CCE1 and NR-CCE2 only overlap on one NR-REG (i.e., REG 0). Similarly, the pair of signatures NR-CCE2 and NR-CCE3 only overlap on one NR-REG (i.e., REG 11).
To achieve better coverage, similar to LTE, several NR-CCEs can be aggregated to form an NR-PDCCH candidate for a UE. It should be noted that according to the proposed scheme the chosen NR-PDCCH for two different UEs should not coincide, but can overlap (through the overlap of their corresponding NR-CCEs on some NR-REGs). The UE can detect its current NR-PDCCH by monitoring all its NR-PDCCH candidates and checking the CRC similar to the legacy systems. It should be noted that the search spaces for different UEs can have overlap (i.e. two search spaces can have common candidates).
[image: ]
[bookmark: _Ref466048703]Figure 2 Example of non-orthogonal mapping of NR-CCEs to orthogonal NR-REGs
When we have overlap in the allocation of NR-REGs to NR-CCEs, we need to consider appropriate transmission schemes such that the partial collision of control data for different UEs (through the overlap in resource element usage) does not result in the loss of control signals. Similar to the signature-based non-orthogonal schemes that are proposed for data transmission in 5G NR, different methods can be used for this purpose. 
One solution is to repeat the transmitted symbols, similar to the low-density spreading (LDS) method. In this solution, different NR-REGs corresponding to one NR-CCE are repetitions of each other. Another approach is to induce inter-symbol dependencies by using mappings from the control data to the set of symbols that are sent over the corresponding REs (similar to constellation design for SCMA). 

Simulation Results
In this section, we present simulation results for the blocking probability of NR-PDCCH, using the orthogonal (conventional) and non-orthogonal designs. We assumed a scenario where NR-REGs are divided into blocks of 16 NR-REGs (comparable to the number of EREGs in one PRB in EDPCCH). For a block of 16 NR-REGs, if we consider the proposed method for non-orthogonal NR-CCEs, we can have 16 NR-CCEs where each pair of them overlap in at most one NR-REG. An example of mapping for the 16 NR-CCEs of size 4 to 16 NR-REGs with indices of 0, …, 15 can be as following:
NR-CCE0={0,1,2,3}, NR-CCE1={4,5,6,7}, NR-CCE2={8,9,10,11}, NR-CCE3={12,13,14,15},
NR-CCE4={0,4,8,12}, NR-CCE5={1,5,9,13}, NR-CCE6={2,6,10,14}, NR-CCE7={3,7,11,15},
NR-CCE8={0,5,10,15}, NR-CCE9={1,6,11,12}, NR-CCE10={2,7,8,13}, NR-CCE11={3,4,9,14},
NR-CCE12={0,7,10,13}, NR-CCE13={1,4,11,14}, NR-CCE14={2,5,8,15}, NR-CCE15={3,6,9,12}

Figure 3 and Figure 4 illustrates the user blocking probability as a function of number of active users, and packet arrival rate for both non-orthogonal and orthogonal control channel designs, respectively. For this evaluation, we assume an aggregation level of 4 and overlapping search spaces among the UEs where each UE is assigned 2 NR-PDCCH candidates. We further assume that the entire DL control channel region contains 128 NR-REGs (comparable to having 8 PRBs for the control region for EDPCCH). Also note that for Figure 4, we assume Poisson distribution for packet arrival.
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[bookmark: _Ref466015050]Figure 3 Blocking probability as a function of number of active users for orthogonal and non-orthogonal DL control channel designs
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[bookmark: _Ref466015066]Figure 4 Blocking probability as a function of packet arrival rate for orthogonal and non-orthogonal DL control channel designs 

As can be seen from Figure 3, for the same number of active users, the blocking probability for non-orthogonal scheme with overlapping CCEs is an order of magnitude better than its orthogonal counterpart. Another interesting observation is that for certain blocking probability KPI, much higher number of UEs can be accommodated with the non-orthogonal scheme. For example at 10% blocking probability, the number of users that can be accommodated without collision for the non-orthogonal scheme would be 9 vs 4 for the orthogonal scheme which is almost double.  
The same trend can be observed from Figure 4. In fact, for the same packet arrival rate, the blocking probability for non-orthogonal scheme with overlapping CCEs is again improved by an order magnitude compared to the orthogonal scheme. Another interesting observation from Figure 4 is that for the same blocking probabilities, much higher packet arrival rates can be achieved by using the non-orthogonal scheme, compared to the conventional orthogonal scheme. This observation suggests that even lowering the blocking probability to 10-6 or 10-5 (comparable to the requirement for data error rate) is feasible for moderate URLLC packet arrival rates, if we use the non-orthogonal NR-PDCCH (which uses overlapping NR-CCEs). 
Observation 1: Non-orthogonal DL control channel design, using overlapping CCEs, can drastically lower the probability of user blocking in NR-PDCCH.
Observation 2: Even lowering the blocking probability to 10-6 or 10-5 (comparable to the requirement for data error rate) is feasible for moderate URLLC packet arrival rates, if we use overlapping NR-CCEs.
Proposal 1: For URLLC, lower probability of user blocking (compared to LTE) should be considered in the selection of NR-PDCCH design.
Proposal 2: For URLLC, the failure rate of the control channel (including the blocking probability and the block error rate) should be bounded by 10-6 in the case of one-shot transmission and 10-3 in the case of possibility of multi-shot transmission.
Proposal 3: NR downlink control channel design should consider overlapping CCEs, for the URLLC.

Summary
This contribution discussed the importance of lowering the user blocking probability for the URLLC usage scenario. Non-orthogonal control channel designs using overlapping NR-CCEs were introduced and an example was compared to the orthogonal control channel design, in terms of the user blocking probability. The simulation results show that using overlapping NR-CCEs can drastically reduce the probability of blocking.
Observation 1: Non-orthogonal DL control channel design, using overlapping CCEs, can drastically lower the probability of user blocking in NR-PDCCH.
Observation 2: Even lowering the blocking probability to 10-6 or 10-5 (comparable to the requirement for data error rate) is feasible for moderate URLLC packet arrival rates, if we use overlapping NR-CCEs.
Proposal 1: For URLLC, lower probability of user blocking (compared to LTE) should be considered in the selection of NR-PDCCH design.
Proposal 2: For URLLC, the failure rate of the control channel (including the blocking probability and the block error rate) should be bounded by 10-6 in the case of one-shot transmission and 10-3 in the case of possibility of multi-shot transmission.
Proposal 3: Non-orthogonal DL control channel design using overlapping CCEs should be studied as a candidate for NR-PDCCH, for the URLLC.
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