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[bookmark: _Ref124589705][bookmark: _Ref129681862]Introduction
In RAN1 ad hoc meeting it is agreed that:
“Blocking probability of DL control channel should be taken into account in NR-PDCCH design.”

The blocking event happens when the search spaces of two UEs collide in the NR-PDCCH region, where the NR-PDCCH region is the set of PRB resources allocated for the transmission of control information in a scheduling unit, and where each UE’s search space is assumed to be spread over the whole NR-PDCCH region (the same as in LTE).
Therefore, if we do not change the size of each search space, mapping the same number of UE search spaces to a larger NR-PDCCH region decreases the chances that two UE search spaces collide.
One efficient tool to provide such larger NR-PDCCH region without sacrificing bandwidth is the superposition of control information over data.
For a given UE, the sum of control and data processing latency is the same as in LTE if the same error correction codes are used.
In this contribution, we provide results showing the reduction of blocking probability obtained by superposition of control information with data and the effect of control superposition on data decoding performance. It is also shown that superposition of control and data information increases data spectral efficiency.

[bookmark: OLE_LINK10][bookmark: OLE_LINK11]  PRB sharing between NR-PDCCH and eMBB data 
Superposition enables simultaneous transmission of control and data information over the same resources [1].
The resource region for superposed transmission is defined by generalizing EPDCCH transmission. A UE-specific set of PRBs is used not just either for control or data transmission, but also for the superposed transmission of data and control information.
When UE-specific PRB sets overlap, there is a blocking event. With superposed control over data, more PRBs can be used for EPDCCH transmission than with orthogonal control/data multiplexing. Having more PRBs for control transmission reduces the chances that two or more UE-specific PRB sets overlap, thereby resulting in a smaller blocking probability.
Figure 1 shows an example of mapping of superposed control and data on time-frequency resources. In Figure 1(a), superposed control and data information are mapped in the beginning of the time unit (e.g. slot) – shown in white colour in Figure 1 – while in the remaining part there is only data. The procedure continues in a similar manner for the upcoming slots with other users superposed.  




(a)

          
(b)



[bookmark: _Ref469517484]Figure 1: Example of frame structure with control/data superposition.
(a) Partial superposition for slot; (b) Complete superposition for mini-slot; 

The example in Figure 1(a) shows that the control channel is mapped only to the first symbol in each slot. We call this solution partial overlapping over frequency and/or time.
Obviously, the control information can be spread over entire time-frequency region dedicated to data transmission specifically for the case of mini slot with two OFDM symbols (see agreements from RAN1#87 on mini-slot length). We call this solution complete overlapping (shown in Figure 1(b)). In this case, one could get the maximum benefit from frequency diversity for the control channel while increasing the spectral efficiency related to data transmission. 
In the case of Figure 1(b), control information can be expanded over the entire bandwidth in frequency and entire mini-slot in time thereby resulting in a complete overlapping. In this way, maximum benefit is obtained by higher frequency diversity, lower blocking probability and increased spectral efficiency. Moreover, in this case each mini-slot remains self-contained in a sense that control and data of one user are transmitted jointly in each mini-slot, resulting in reduced cross-scheduling. 
Figure 1 shows the case of such a self-contained transmission (e.g. UE1 ctrl with UE1 data). 
In a general case, where one user has only control information (e.g., control information for that user is an uplink grant), data of one user can be superposed to the control of another user thus involving more than one user in each slot/mini-slot. In such case, transmission is not self-contained.  
Figure 2 shows the block diagram corresponding to the transmitter and receiver. In the transmitter, data information and control information are independently encoded and superposed. Upon receiving the superposed signal, the receiver first performs demodulation, then it removes the interference of data from the received signal in the data information interference suppression block.  The receiver further performs blind decoding of control information.  The output of blind decoding is checked in the CRC check block. If the outcome of CRC check is successful, it means that there is data for this user and the corresponding control information is used for data decoding. This information could be used to decode the data message together with the signal coming from demodulation in which the interference from control channel is suppressed in symbol level as shown in the figure in the block shown with control information interference suppression. 
In the proposed control+data multiplexing scheme, as opposed to MUST, we reduce the overhead in time-frequency resources of control transmission, but we keep the same total transmitted energy of control+data as in conventional orthogonal (i.e. TDM/FDM) schemes. In this way, we obtain a greatly reduced control overhead while the transmit power is slightly increased only in the control region.
Additionally, reference signals for control and data transmission could be shared, thereby keeping reference signal overhead low. Moreover, as the same RSs are used for control and data, contrary to orthogonal transmission, front-loading of RSs is made possible.


[bookmark: _Ref449602884]


[bookmark: _Ref468866875]Figure 2: Block diagram of transmitter and receiver.
Application scenarios
Superposition enables concurrent transmission of control and data information for any scheduling unit (e.g. slot/ mini-slot) regardless of duration of slot/mini-slot and without bandwidth extension. The usage of very short scheduling units containing data, control and reference signals of the same user together fits very well to low-latency use-cases defined as essential for New Radio. Having self contained units – in a sense that control data and reference signals are in the same unit brings a great flexibility to scheduler design, as data information is accompanied by its control.
It was proposed that a slot could contain control information of upcoming mini-slot(s) basically due to large overhead of orthogonal transmission of control and data information (see [2]) i.e. not all mini-slots have control information. This approach has several drawbacks. Firstly, this increases the overall delay to decode information as the user should receive control channel first and then perform data decoding a few slots/mini-slots later. The delay becomes considerable in a TDD system where opportunities to have downlink data units are not so frequent. Secondly, having control information of several users in a single slot will, in average, increase the control channel (NR-PDCCH) load and consequently the corresponding blocking probability. One way to reduce the blocking probability is to use lower aggregation levels to transmit control information. However, using lower ALs decreases control channel reliability. Offloading of control information from slots over each upcoming mini-slot will have the twofold advantage of decreasing the blocking probability and enabling the usage of higher aggregation levels thereby obtaining more reliable transmission of control information. Last but not least, having control and data and reference signals in the same scheduling unit guarantees a forward compatibility to NR system design for later releases as it enables the straightforward introduction of different mini-slot lengths containing their own control without taking care of occurrence frequency of each slot mini-slot.
Therefore, we have the following proposal:     
 
Proposal 1: Consider superposition of data and control information as a tool to enable transmission of - scheduling unit containing control and data.

Blocking probability

The blocking probability is the probability that gNB has data for a certain UE but it cannot transmit the data because there are not enough NR-PDCCH resources for control information in that UE’s search space.
We show here that the blocking probability can be significantly decreased by extending the control region over the data region. The extended control region has more channel resource, therefore more UEs can be served without blocking.
As a baseline for evaluation, we consider the case of LTE PDCCH with CRS-based transmission with 2 antenna ports and 3 OFDM symbols in the control region. The system bandwidth is 10 MHz with 50 PRBs. 
The number of users per cell is fixed. The aggregation level is randomly selected for each UE in each TTI according to the distribution of Table 1.  
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[bookmark: _Ref473634877]Figure 3: Blocking probability for PDCCH-like and front loaded control channel.


	Aggregation level
	Probability

	1
	0.6

	2
	0.2

	4
	0.15

	8
	0.05


[bookmark: _Ref473035879]Table 1: Distribution of aggregation levels

In order to obtain indication of blocking probability for NR-PDCCH, we have evaluated the blocking probability with front-loaded NR control channels (i.e. using the first OFDM symbols in a scheduling unit). With the assumptions in [4], there are about 26~28 REG in frequency domain (see also [5] assuming that the additional control resource set has the same size as the default control resource set). Assuming that one NR-CCE consists of 4 REGs (as proposed in [4]), the total number of CCEs in one resource set is 14. The aggregation levels are {1,2,4,8} and number of candidate locations according to Table 9.1.4-2a (Case2) in [3] which relates to LTE ePDCCH values. Figure 3 shows the blocking probability for different control resource set sizes, where orthogonal multiplexing corresponds to no overlap.
[bookmark: _GoBack]We can see that, for 10 users, the blocking probability for front-loaded orthogonally multiplexed control channel (no overlap) is much larger than the PDCCH-like control channel transmission. It means that front-loaded control channel can’t guarantee the same blocking probability as in legacy LTE PDCCH. Using superposition, we can reduce significantly the blocking probability without sacrificing the bandwidth.

Observation 1: The blocking probability is significantly reduced when the control resource set is extended over data region.
Observation 2: Front loaded sub-band control channel design cannot guarantee the same blocking probability as in legacy design.
 
[bookmark: _Ref129681832]Performance evaluation
Link-level simulations have been used to evaluate the performance of the superposed control transmission schemes. Control/data transmission and reception are both performed according to the block diagram of Figure 2. Upon reception of the superposed signal, the control channel is decoded after demodulation and data information interference is suppressed (we assume that the starting and ending position for decoding of control channel is known to the receiver). Data decoding is further performed only if the control channel is correctly decoded. Channel codes and corresponding rate matching blocks are implemented as in the LTE standard only for simplicity to motivate further considerations and study.
As a design choice, we selected to have the same total transmitted energy of control and data information in the reference case and in the SCC (superposed control channel) cases. Using this assumption, we define the effective information bit energy as 
	
	
	(1)


where and denote total energy of PDSCH and total energy of PDCCH in the considered slot-mini slot and is the number of PDSCH information bits.
Same total transmitted energy is obtained by setting the amplitude of superposed signal  as
	
	
	(2)


where  denotes the energy per bit of PDSCH.
The obtained results (shown below) show the data spectral efficiency (SE) of superposed data and control transmission compared to a reference case with orthogonal multiplexing of control and data information. In the figures below, the spectral efficiency is plotted versus .
The spectral efficiency of the reference case is defined as
	
	
	(3)


where is the probability of correct reception of a PDSCH block, where correct reception of a PDSCH block implies correct reception of the corresponding PDCCH block.  and  are the number of control REs and number of data REs.
The spectral efficiency of the SCC system is obtained as
	
	
	(4)


as with SCC both control and data information are transmitted with superposition in the same  resources. 
The selected superposition scheme is chosen so that the coded bits of control channel are mapped to the labels of the composite constellation with the highest capacities.
For the performance evaluation, the power ratio of the control and data symbols is selected to produce legacy LTE constellations.
For the control channel, the number of information bits  is matching the case of DCI-2A with coding rate of 0.111 corresponding to AL = 8, for 20MHz bandwidth.
Simulation assumptions for complete overlapping are shown in Table 2.

	Parameter
	Reference 
Data code rate = 0.7222 
	SCC 
Data code rate = 0.7222
	SCC
Data code rate = 0.6667

	Info. bits (control)
 
	64
	64
	64

	Coded bits (control)
	576
	576
	576

	Info. bits (data)

	416
	416
	384

	Coded bits (data)
	576
	576
	576

	Number of REs in control region 

	288
	288
	288

	Number of REs in data region

	288
	288
	288

	Number of REs in overlapping region
	0
	288
	288

	Total REs for control and data
	576
	288
	288

	Number of control bits per RE 
	2
	2
	2

	Number of data bits per RE  
	2
	2
	2


[bookmark: _Ref469413024]Table 2: Details of complete overlapping scenario.

With complete overlapping, we use the same number of control bits per RE  and the same number of data bits per RE  in the reference case and in SCC. The superposed signal has   bits per RE.
The number of coded bits for control information is obtained as. The number of coded bits for data information is obtained as and the code rate is .
Figure 5 shows simulation results for complete overlapping. SE gains have been evaluated assuming, which corresponds to a probability of correct reception  in (3) and (4), thus the SE is 90% of its maximum value. The SE gain of complete overlapping SCC (green curve) over reference (red curve) is 88%.
The blue curve corresponds to superposed control channel  with the same number of data information bits as the reference case: bits. Superposed control channel transmits the same number of data bits as the reference case but it uses half the total REs, therefore its maximum SE (considering the control needed to receive the data) is doubled. . Achieving that increased SE requires an  approximately 1.5 dB higher than the reference case.

[image: ]

[bookmark: _Ref469558654]Figure 5: Data SE corresponding to complete overlapping scenario.


From the obtained results we have the following observation:
Observation 3: SCC transmission provides significant SE gains over orthogonal multiplexing of control and data information.

Conclusion
It has been shown that superposed transmission of control and data information provides significant gains in spectral efficiency over orthogonal multiplexing of control and data while decreasing the blocking probability related to control channel. 

Observation 1: The blocking probability is significantly reduced when the control resource set is extended over data region.
Observation 2: Front loaded sub-band control channel design cannot guarantee the same blocking probability as in legacy design.   
Observation 3: SCC transmission provides significant SE gains over orthogonal multiplexing of control and data information.

Based on these observations we have the following proposal:
Proposal 1: Consider and further study superposition of data and control information as a tool to enable transmission of scheduling unit containing control and data.


APPENDIX

The case of partial overlapping described in Figure 1a. is also evaluated. Corresponding simulation assumptions for are shown in Table 3.

	Parameter
	Reference 
Data code rate = 0.3565
	SCC
Data code rate = 0.4810
	SCC
Data code rate = 0.519

	Info. bits (control)

	64
	64
	64

	Coded bits (control)

	576
	576
	576

	Info. bits (data)

	656
	608
	656

	Coded bits (data
	1840
	1264
	1264

	Number of REs in control region

	288
	288
	288

	Number of REs in data region

	460
	460 
	460 

	Number of REs in overlapping region
	0
	288
	288

	Number of control bits per RE 
	2
	2 (overlapped part),
0 (non-overlapped part)
	2 (overlapped part),
0 (non-overlapped part)

	Number of data bits per RE  
	4
	2 (overlapped part), 
4 (non-overlapped part)
	2 (overlapped part), 
4 (non-overlapped part)


[bookmark: _Ref473096463]Table 3: Details of partial overlapping scenario.

With partial overlapping, we use the same number of control bits per RE in the reference case and in superposed control channel. Similar to the complete overlapping case, we assume that the superposed signal has   bits per RE. It implies that the number of data bits per RE is  in the overlapped REs (288 REs) – where . The number of coded data bits in overlapped region is computed as . The number of data bits per RE is  in the non-overlapped REs (460-288 REs) – where . The number of coded data bits in non-overlapped region is   bits. The total number of data coded bits is the sum of data coded bits over both regions and is equal to 1264.
Constant modulation format in overlapped and non-overlapped parts causes reduced number of coded bits for SCC data, which then cause increased code rate compared to the reference case.
The number of coded bits for control information is obtained as . Figure 6shows simulation results for partial overlapping. Spectral efficiencies for the same number of data information bits () for the overlapped scenario and reference corresponding respectively to columns 1 and 3 of Table 3are plotted with red and blue curves in Figure 6. Superposed control channel transmits the same number of data bits as the reference case but it uses fewer REs, therefore its maximum SE is increased. Achieving such increased SE requires an  approximately 1 dB higher than the reference case.
Moreover, it is shown that by reducing the coding rate of overlapped case to 0.4810 (green curve), 36% of SE gain over the reference case can be achieved.     




[image: ]
[bookmark: _Ref473208831]Figure 6: Data SE corresponding to partial overlapping scenario. 
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