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1	Introduction
In this contribution we evaluate the performance on Compact DCI from 2 perspectives, the PDCCH reliability and PDCCH blocking analysis.  
[bookmark: _Ref178064866]2	Discussion
2.1	PDCCH reliability 
From physical layer point of view, high PDCCH reliability can be achieved by several means including 
· Improved UE/gNB hardware capabilities
· For example, more antennas at gNB and/or UE. 
· Enhanced gNB/UE implementation 
· Time domain/Frequency domain interference avoidance (e.g. using a soft reuse pattern for CORESET resources to reduce inter-cell interference)
· Spatial domain interference management via beamforming
· Advanced UE receivers
· NR PDCCH design choices 
· Distributed CCE mapping
· CORESET spanning multiple OFDM symbols
· Smaller DCI payload size 
· Higher aggregation levels (AL)

NR Rel. 15 supports up to AL 16 for PDCCH and fallback DCI format x_0 with smaller DCI size than the normal format x_1. Therefore, we first evaluate the performance of NR Rel-15 PDCCH design. 
2.1.1 PDCCH performance (Link level simulation)
In this section we provide link level performance of NR PDCCH for different aggregation levels (AL) and payload sizes. 
Both AL and DCI size can have impact on PDCCH performance. To make PDCCH transmission more robust, one can use high AL and/or small DCI payload size to lower PDCCH code rate (see Table 1). PDCCH performance comparison between different DCI sizes (excluding CRC) is given in Figure 1 and Figure 2 following the simulation assumption in Table A-1 in the appendix. Here DCI size 40 bits serve as a reference for the Rel. 15 fallback DCI size, while DCI sizes 30 and 24 may be referred to as compact DCI sizes. 
We see that the gains of reducing DCI size from 40 to 24 bits are small especially at high AL, the gain is even smaller when reducing DCI size from 40 to 30 bits. The gain essentially depends on the level of code rate reduction. 

[bookmark: _Ref528336044]Table 1 Effective code rates for different combinations of DCI payload sizes (excl. CRC) and aggregation levels (taking into account DMRS overhead)
	Payload size (bits) / AL
	AL1
	AL2
	AL4
	AL8
	AL16

	24
	0.4444
	0.2222
	0.1111
	0.0556
	0.0278

	30
	0.5000
	0.2500
	0.1250
	0.0625 
	0.0312

	40
	0.5926
	0.2963    
	0.1481    
	0.0741    
	0.0370
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[bookmark: _Ref528336111]Figure 1: TDL-C 300ns, 40 MHz, 4GHz, 1os
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[bookmark: _Ref528336552]Figure 2: TDL-C 300ns, 40 MHz, 4GHz, 2os

Table 2 SNR required (dB) to achieve 1E-5 PDCCH BLER
	Assumption
	AL16

	
	40b
	30b
	24b

	4GHz, 4Rx, TDL-C 300ns, 1os
	-6.86
	-7.18
	-7.34

	4GHz, 4Rx, TDL-C 300ns, 2os
	-6.72
	-7
	-7.26



Table 3 SNR improvement (dB) at BLER target for TDL-C 300ns, 4GHz, 4Rx, 1os
	BLER target
	Payload size excluding CRC bits (A->B)
	Total number of bits reduction
	Performance Benefit (dB)

	
	
	
	AL16
	AL8
	AL4
	AL2
	AL1

	1e-5
	40->30
	10
	0.31
	0.38
	0.41
	0.55
	1.13

	
	40->24
	16
	0.47
	0.58
	0.68
	0.95
	1.94



2.1.2 SINR distribution from system level simulation
[bookmark: _Hlk525730545]Further we perform system level simulation to obtain DL geometry for the urban macro scenario as shown in Figure 3 (also in [1]). The simulation assumptions are provided in Table A-2 in the appendix.
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[bookmark: _Ref528336574]Figure 3: DL geometry of the the urban macro scenario

[bookmark: _Hlk509563437]From Figure 3 we obtain the 5th percentile DL SINR (Q-value) equal to 1.69 dB. To fulfill the performance requirements, PDCCH BLER of 10-5 or 10-6 should be achieved at SNR lower than the corresponding Q-value (1.69 dB). Based on the results above, we have the following observations. 

[bookmark: _Toc509832033][bookmark: _Toc510080359][bookmark: _Toc510632109][bookmark: _Toc510690113][bookmark: _Toc510700885][bookmark: _Toc510701044][bookmark: _Toc510774011][bookmark: _Toc510775986][bookmark: _Toc510788396][bookmark: _Toc525217037][bookmark: _Toc525220322][bookmark: _Toc525657378][bookmark: _Toc525658458][bookmark: _Toc525721074][bookmark: _Toc525821505][bookmark: _Toc525830311][bookmark: _Toc525831720][bookmark: _Toc525832654][bookmark: _Toc525832853][bookmark: _Toc525926653][bookmark: _Toc525943999][bookmark: _Ref528337015][bookmark: _Toc534921655]Existing NR PDCCH design provides sufficient performance for urban macro scenario, e.g., BLER =10-5 of fallback DCI (40 bits) with AL16 can be achieved at SNR much lower than the corresponding Q-value. 
[bookmark: _Toc525657379][bookmark: _Toc525658459][bookmark: _Toc525721075][bookmark: _Toc525821506][bookmark: _Toc525830312][bookmark: _Toc525831721][bookmark: _Toc525832655][bookmark: _Toc525832854][bookmark: _Toc525926654][bookmark: _Toc525944000][bookmark: _Toc534921656]Compact DCI provides only small PDCCH performance gain at high AL and moderate gain at low AL. 

2.2	PDCCH blocking analysis  
When a URLLC UE operates with good channel condition, it is reasonable to use low AL for PDCCH. It was argued that compact DCI can have positive impact on PDCCH multiplexing capacity as more UEs with good channel conditions can use low AL, and thus reducing blocking probability.
We investigate the impact of using compact DCI on PDCCH blocking probability. SINR distribution from system level simulation and PDCCH link level results are used to generate AL distribution for different DCI sizes. Blocking probability is computed based on the AL distribution and NR search space design. It is assumed that each UE is scheduled with one DCI and all UEs are scheduled simultaneously. 
PDCCH blocking probability is studied as a function of DCI size, number of UEs, and CORESET resources. More specifically, DCI sizes of 40, 30, and 24 bits (excluding CRC) are considered. Number of UEs in a cell is considered from 4 to 10. CORESET resources are determined based on CORESET duration and bandwidth. CORESETs are assumed to occupy 1 or 2 OFDM symbols with 40 MHz BW.

2.2.1 AL distribution 
We use link levels results for different DCI sizes in Section 2.1 together with the DL geometry in Figure 3 to derive the probability of distributions for different aggregation levels (AL). In Table 4 and Table 5, the probability for {DCI size X bits, AL Y} is the probability that a UE needs AL-Y to achieve BLER of 10-5, when the DCI size is X bits for all the UEs.
Table 4. AL distribution corresponding to target PDCCH BLER of 1E-5 for different DCI sizes (1os CORESET)
	Probability
	AL1
	AL2
	AL4
	AL8
	AL16

	DCI size = 40
	70.23% 
	22.57%   
	6.00%    
	0.61%    
	0.44%

	DCI size = 30
	73.98%   
	19.83%    
	5.20%    
	0.46%    
	0.43%

	DCI size = 24
	76.89%   
	17.80%    
	4.39%   
	0.45%    
	0.42%



Table 5. AL distribution corresponding to target PDCCH BLER of 1E-5 for different DCI sizes (2os CORESET)
	Probability
	AL1
	AL2
	AL4
	AL8
	AL16

	DCI size = 40
	57.73%   
	32.33%    
	8.48%   
	0.87%    
	0.43%

	DCI size = 30
	66.34% 
	25.73%   
	6.81%    
	0.60%    
	0.41%

	DCI size = 24
	69.98%   
	23.18%   
	5.85%   
	0.50%    
	0.40%



2.2.2 PDCCH blocking probability
Blocking probability is then computed based on the AL distribution and search space design, assuming: 
· each UE is scheduled with one DCI, and 
· all UEs are scheduled simultaneously, and 
· the number of PDCCH candidates for each AL 1, 2, 4, 8, 16 are 8, 8, 4, 2, 1, respectively.
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[bookmark: _Ref528336664]Figure 4: Blocking probability as a function of DCI size, average number of UEs, and CORESET sizes

It can be seen from Figure 4 that blocking probability depends on several parameters such as DCI size, number of UEs, and CORESET sizes. In this contribution, we assume deterministic traffic where all UEs are scheduled simultaneously, which can be seen as the worst-case scenario. If different traffic models are considered, different levels of blocking can also be expected. As a general observation, we see that  
· Increasing the number of UEs increases blocking probability
· Reducing DCI size decreases blocking probability
· Increasing CORESET size decreases blocking probability
In terms of blocking probability improvement for a given number of UEs, it is evident that using small DCI size provide much smaller gain compared to using larger control resources.  

[bookmark: _Toc525657380][bookmark: _Toc525658460][bookmark: _Toc525721076][bookmark: _Toc525821507][bookmark: _Toc525830313][bookmark: _Toc525831722][bookmark: _Toc525832656][bookmark: _Toc525832855][bookmark: _Toc525926655][bookmark: _Toc525944001][bookmark: _Toc534921657]Blocking probability depends on several parameters such as CORESET size, number of UEs, and traffic load. 
[bookmark: _Toc525821508][bookmark: _Toc525830314][bookmark: _Toc525831723][bookmark: _Toc525832657][bookmark: _Toc525832856][bookmark: _Toc525926656][bookmark: _Toc525944002][bookmark: _Toc534921658]Reducing DCI size by 40% (40bits to 24 bits) provides only small improvement for blocking probability. 
[bookmark: _Toc525831724][bookmark: _Toc525832658][bookmark: _Toc525832857][bookmark: _Toc525926657][bookmark: _Toc525944003][bookmark: _Toc534921659]Using more control resources such as larger CORESET size can provide much significant improvement to the blocking probability.  
2.3	Issues with compact DCI
As can be seen from the discussion and results above, the use of compact DCI in terms of PDCCH reliability enhancement is not very well motivated. The gain from reducing the DCI size is rather small especially for high AL (e.g., less than 0.5 dB for 10-bit reduction with AL16) since PDCCH code rate is already small to start with. It can be seen from the results that performance of the existing Rel-15 NR PDCCH design (with fallback DCI size and AL16) is generally sufficient for URLLC requirement. If further reliability enhancement is required, specification-transparent methods such as power control and use of multiple antennas can be considered. 
[bookmark: _Hlk528070716]The impact of compact DCI on PDCCH blocking is also small as shown in Figure 4. More importantly, we note that using compact DCI for scheduling can have a negative impact on scheduling flexibility, due to much coarser information contained in a DCI. For example, with compact DCI of size 24 bits excluding CRC, resource allocation fields in the DCI can be much less flexible leading to inefficient PDSCH scheduling. For a limited set of PDSCH resources, this in turn can lead to the PDSCH blocking event. An example of PDSCH blocking impact from coarse frequency domain allocation is shown in Figure 5. Here the result is based on DL geometry in Figure 3 and PDSCH link results at BLER target of 10-5 (see Fig. A-1 in the appendix). We can see, for example, that even increasing RBG size from 2 to 4 PRBs increases the PDSCH blocking probability significantly.
[image: ]
[bookmark: _Ref528336732]Figure 5: PDSCH blocking probability as a function of UEs per cell with Poisson arrival traffic pattern, for different resource block group (RBG) sizes. PDSCH resources are assumed to be 40 MHz BW. Latency bound is 1 ms.

Due to demodulation and decoding complexity constraint at the UE, there exists a budget on the number of DCI sizes UE should monitor per slot, i.e., 3 different sizes for DCI scrambled by C-RNTI and 1 additional for other RNTI [2] as agreed in Rel-15. So, introducing another DCI format with smaller size will be even more challenging for satisfying the DCI size limitation.

It is important to consider the overall performance of the system considering a tradeoff between PDCCH blocking reduction, blind decoding complexity, and PDSCH scheduling flexibility. Our results show that PDCCH blocking improvement is much smaller than potential loss on PDSCH blocking due to inflexible resource allocation from compact DCI. Therefore, we propose that compact DCI with reduced DCI size is not introduced in Rel-16.  
[bookmark: _Toc525657381][bookmark: _Toc525658461][bookmark: _Toc525721077][bookmark: _Toc525821509][bookmark: _Toc525830315][bookmark: _Toc525831725][bookmark: _Toc525832659][bookmark: _Toc525832858][bookmark: _Toc525926658][bookmark: _Toc525944004][bookmark: _Toc534921660]There exists a unfavorable tradeoff between PDCCH blocking probability and PDSCH scheduling flexibility when considering compact DCI. 
[bookmark: _Toc534921661]Compact DCI increases the difficulty to satisfy DCI size limitation for the UE.

[bookmark: _Toc525721078][bookmark: _Toc525721180][bookmark: _Toc525821510][bookmark: _Toc525830316][bookmark: _Toc525831726][bookmark: _Toc525832859][bookmark: _Toc525926659][bookmark: _Toc525944013][bookmark: _Toc525944041][bookmark: _Toc534921717]Compact DCI with reduced DCI size is not introduced. 
[bookmark: _GoBack]
Conclusion
In the previous sections we made the following observations: 
Observation 1	Existing NR PDCCH design provides sufficient performance for urban macro scenario, e.g., BLER =10-5 of fallback DCI (40 bits) with AL16 can be achieved at SNR much lower than the corresponding Q-value.
Observation 2	Compact DCI provides only small PDCCH performance gain at high AL and moderate gain at low AL.
Observation 3	Blocking probability depends on several parameters such as CORESET size, number of UEs, and traffic load.
Observation 4	Reducing DCI size by 40% (40bits to 24 bits) provides only small improvement for blocking probability.
Observation 5	Using more control resources such as larger CORESET size can provide much significant improvement to the blocking probability.
Observation 6	There exists a unfavorable tradeoff between PDCCH blocking probability and PDSCH scheduling flexibility when considering compact DCI.
Observation 7	Compact DCI increases the difficulty to satisfy DCI size limitation for the UE.


Based on the discussion in the previous sections we propose the following:
Proposal 1	Compact DCI with reduced DCI size is not introduced.
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Appendix
[bookmark: _Ref477421090]Table A-1: Link level simulation assumption (Urban macro scenario)
	Parameters
	Value

	DCI payload (excluding 24bits CRC)
	40bits, 30bits, 24bits 

	System bandwidth
	40MHz

	Carrier Frequency
	4GHz

	Number of symbols for CORESET
	1, 2

	CORESET BW (contiguous PRB allocation)
	40MHz

	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-C (delay spread: 300ns) 

	UE speed
	3 km/h

	Number of BS antennas
	2Tx

	Number of UE antennas
	4Rx 

	Residual target BLER 
	10^-5

	SINR target
	5th percentile DL geometry




Table A-2: System level simulation assumption (Rel-15 enabled use case)
	Configuration Parameters
	URLLC configuration 

	Carrier frequency 
	4 GHz

	Base station Antenna Height
	25 m

	Inter-site distance
	500 m

	Bandwidth
	40 MHz

	Device deployment
	80% outdoor, 20% indoor

	Number of UE Rx antenna ports
	4

	UE noise figure
	9

	UE power
	23 dBm

	Path loss model
	UMa 

	BS antenna (M, N, P, Mg, Ng; Mp, Np)
	(8, 8, 2, 1, 1; 1, 8) 

	BS Transmit power
	49 dBm

	BS noise figure
	5

	Electrical down tilt
	9 degrees
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Figure A-1: PDSCH BLER, TBS = 256 bits
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