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[bookmark: _Ref124589705][bookmark: _Ref129681862]Introduction
In RAN1 #87 it was agreed that:
NR should support dynamic re-use of at least part of CORESET for data for the same or different UE, at least in frequency domain
· FFS if resource re-use can be done in time domain as well
· FFS: DL data DMRS location in time should not vary dynamically as a consequence of dynamic re-use of control resources for data
· FFS: time/frequency granularity of the resource reuse
· FFS: signalling needed if any
In this contribution, a detailed design of NR-PDCCH with resource sharing between control and data information is provided taking into account RAN1 agreements. The benefits of resource sharing between NR-PDCCH and data are outlined for different use cases, i.e. for slot/mini slot scheduling units and for pre-emption indication of eMBB data. 

[bookmark: _Ref129681832]Resource sharing between NR-PDCCH and data 
Resource sharing between NR-PDCCH and data could be done for same user or different users. However the simplest case with minimum signaling overhead and minimum receiver complexity corresponds to resource sharing of control and data information for the same user. 
Resource sharing is achieved by superposition of control and data information [1]. Block diagrams of transmitter and receiver are shown in [2].
In the transmitter, data information and control information -NR-PDCCH- addressed to the same user are independently encoded and superposed according to a conventional superposition approach (see [1] for different possible superposition solutions). Depending on the usage scenario, a power adjustment may be applied whereby the power of the superposed signal is increased in order to satisfy control channel coverage requirement when needed. At the same time, the power of the data signal is decreased in a way that the total transmitted energy in the superposed case and orthogonal case remains the same (see Figure 1). 
[image: ]
[bookmark: _Ref481129732]Figure 1: Power adjustment for superposed transmission.

A detailed example of how the power adjustment factors are computed is given in Appendix.
From a UE perspective, blind decoding is performed without any prior knowledge of whether resource sharing is used or not. This is possible as we assume that NR-PDCCH is always QPSK-modulated and mapped to the higher-power/higher-capacity component of the superposed signal. After blind detection, the user becomes aware of presence/absence of NR-PDCCH. If NR-PDCCH is present and blind decoding is successful, data decoding is performed taking into account the knowledge that NR-PDCCH is present. If power adjustment is used in transmitter, then blind decoding is still possible even without the knowledge of the exact power used for the superposed signal. Indeed, it is known that even when a QPSK demodulator does not have the knowledge of the exact signal power, its performance degradation is small.    
Moreover, there is no need to signal the composite constellation to the user as the user first blindly decodes the NR-PDCCH by solely relying on the knowledge that it is QPSK-modulated. The superposed data signal is treated as noise, therefore the knowledge of data modulation is not needed.
Obviously, the NR-PDCCH content can be different for different use case of resource sharing, as described hereinafter. 

Different possible use cases for resource sharing
Resource sharing between NR-PDCCH and eMBB data can be done according to different scenarios.

Resource sharing for slot/mini-slot  
Figure 2 shows the frame structure for two different cases with and without resource sharing, when re-use of un-used resources is performed based on RAN1 agreements made so far. 
For the case without resource sharing, shown in Figure 2(a), CORESET#1 and CORESET#2 contains only NR-PDCCH of user #1 and user #2 correspondingly. The data starting position is set taking into account the CORESET with longer duration. Un-used resources in the first symbols are gray-colored.     
For the case with resource sharing, as shown in Figure 2(b), CORESET #1 of user #1 contains both NR-PDCCH of user #1 and data of user #1. The resources outside CORESETs are re-used for transmission of PDSCH#1. The data starting position in this case is the beginning of slot as resource re-use is performed.
In Figure 2 the resource sharing between CORESET#2 and UE#2 is not shown that can happen in a general case described independently below.         


[bookmark: _Ref480875271][bookmark: _Ref481133330]Figure 2: Re-use of un-used resources in localized configured CORESETs in a NR slot. (a) without resource sharing; (b) with resource sharing.

For the case shown in Figure 2(a), without resource sharing between control and data the un-used resources shown in gray cannot be completely re-used for UE#1. If we want to keep the signaling overhead small, we would signal one data starting position as shown in Figure 2(a). UE#1 can retrieve its own data as this is rate matched around CORESET#2. The case of resource sharing is shown in Figure 2(b). We assume here that  CORESET#2 is already configured (e.g., via semi-static signaling,  i.e. user #1 knows about CORSET of user #2), un-used resources in Figure 2(b) can be used in this case for data without additional signaling overhead if resource sharing is applied as shown in the figure. In the receiver side UE1, has the knowledge of CORESET#2 that was semi-statically signaled which make decoding of data of UE1 possible without puncturing and performance degradation.
Alternatively, if UE1 is not aware of user #2 CORESET (if it is not configured semi-statically), UE1 data is the region that overlaps with CORESET of UE#2 is punctured. This will lead potentially to loss in data performance.
Figure 3, shows the example of mini-slot, with and without resource sharing when re-use of un-used control resources is performed.
Figure 3(a) shows the case without resource sharing where CORESET#1 and CORESET#2 contains only NR-PDCCH of user #1 and user #2. Part of the CORESET is used to transmit data of user #1, in orthogonal manner. Un-used resources are shown in gray color. 
Figure 3(b), shows the case with resource sharing where in CORESET#1 control of user #1 and PDSCH #1 are transmitted simultaneously. No un-used resource is remaining as with the same signaling overhead one can re-use unused resources.       
    


[bookmark: _Ref480882209][bookmark: _Ref481134808]Figure 3:  Re use of un-used resources in localized configured CORESETs in a mini-slot. (a) Without resource sharing; (b) with resource sharing.

In Figure 3(a), a single data starting position is used and there are still un-used resources (gray coloured). If resource sharing is performed as shown in Figure 3(b), with one data starting position and without the knowledge of other CORESETs, un-used part is totally re-used and resource sharing between control and data is performed for UE#1.
Advantages 
· Resource sharing between NR-PDCCH and data can guarantee efficient resource utilisation and avoid puncturing of data without increasing signalling overhead compared to the case of orthogonal transmission. 
It was agreed that NR should support dynamic re-use of at least part of resources in CORESET for data for the same or different UE, at least in frequency domain. 
The conventional approach consisting of orthogonal transmission of control and data in TDM/FDM manner and rate matching around CORESETs or DCIs can lead to excessive un-used resources due to difference in size of CORESETs and DCI or large signaling overhead. In other words, there is always a tradeoff between signaling overhead and resource utilization efficiency.
In such cases, superposition of control and data information for the same UE can reduce quite efficiently the amount of unused resources or using more resources. 
Observation: When a CORESET is in the same frequency sub-band or OFDM symbol as data transmission, resource sharing avoids puncturing of data and increases resource utilization efficiency.
Observation: Resource sharing between NR-PDCCH and data does not increase signaling overhead.

· Control REGs can be used for data to obtain increased data spectral efficiency compared to orthogonal transmission without loss in control channel coverage.
In this case, data spectral efficiency is increased and control channel overhead is reduced or eliminated. This is important specifically for applications related to mini-slot of size one or two OFDM symbols. In those cases, control channel overhead might become considerable. Alternatively, for the same data spectral efficiency, a gain in signal to noise ratio is achieved when resource sharing is performed as it is shown in appendix. In these simulations it is shown that for different aggregation levels (e.g. 4 and 8), we can expect a signal to noise ratio gain for data transmission, without loss in control channel coverage as long as the number of resource elements used for resource sharing part of slot/mini-slot and the number of resource elements used for non resource sharing part of slot/mini-slot is selected and a power adjustment is applied in gNodeB. 
As discussed earlier, blind detection in the receiver can be performed without prior knowledge of the power ratio and the modulation order. 
As for the number of resource elements used in resource sharing and non resource sharing part and their starting position, only signaling information of the data starting position is needed as assistance information. Indeed, as the user obtains the knowledge of its own resource allocation for data by blind decoding of NR-PDCCH, the only remaining information is about the data starting position that will be signaled in the NR-PDCCH. Therefore, data/control superposition can be implicitly signaled by the data starting position: if it is outside its CORESET(s), then the user knows that all data resource elements were belonging to non-resource sharing part. If the starting position is inside the CORESET(s), then all overlapping resource elements belong to the resource sharing part.       
 This is obviously not possible to obtain for the case of orthogonal transmission.  
Observation: Resource sharing between control and data information increases data spectral efficiency without loss in control channel coverage. 
      
· Superposition makes easier to increase CORESET size without allocating additional dedicated resources, thereby potentially improving blocking probability and making easier to take advantage of frequency diversity.
If we allow resource sharing between NR-PDCCH and data, we can increase the size of the CORESET by incorporating almost all the PRBs used for data transmission in this region – in frequency- and increase the size of the control region to become as large as the scheduled bandwidth, if needed. A distributed NR-PDCCH transmission over the whole bandwidth has the benefit of increased frequency diversity and reduced blocking probability (see [3] for numerical evaluations). 
Observation: Resource sharing between control and data potentially reduces blocking probability and increases frequency diversity.  

· Using the same RSs for the control and data reduces channel estimation complexity. 
There has been intensive discussion on NR-PDCCH in order to target reusing REs for channel estimation by allowing a nested structure of decoding candidates in the search space design with the goal of reducing the channel estimation complexity for the UEs (See agreement from RAN1 #88) to start the position of REs related to data DMRS and it became obvious that, technically, the reference signals used for data cannot be front-loaded because the control region and corresponding NR-PDCCH REs are front-loaded.
By allowing resource sharing between NR-PDCCH and data, DMRS REs for control and data could be shared for the same UE, therefore the complexity of channel estimation will be reduced. 
Observation: Resource sharing between NR-PDCCH and data can reduce channel estimation complexity by sharing the reference signals used for channel estimation. 

· Resource sharing between NR-PDCCH and data does not enhance the receiver complexity.
The detailed block diagram of receiver is shown in [2]. It is shown in this block diagram that, when data and control of the same user are transmitted simultaneously, in the receiver, the receiver demodulates and decodes the NR-PDCCH of the UE and eventually the data of the same UE after symbol-level interference cancellation. The only additional step compared to a conventional reception is the symbol level interference cancellation that does marginally increase the receiver complexity.
Observation: Resource sharing between NR-PDCCH and data does not enhance receiver complexity. 

Resource sharing for pre-emption indication
As described in detail in [4], resource sharing of pre-emption indication with eMBB data can be performed as shown in Figure 5. Figure 5(a) shows preemption indication in the last OFDM symbol of the slot. The preemption indication signal is orthogonally multiplexed with PDSCH resources. In Figure 5(b), the preemption indication signal is superposed on the signal transmitted in PDSCH.


[bookmark: _Ref481138999]Figure 5: Pre-emption indication (a) without resource sharing (b) with resource sharing
  
Advantages 
· As described in detail in [4], superposition of pre-emption indication over eMBB resources avoids further preemption of eMBB resources by preemption information itself, as the resources used for preemption indication transmission are shared with the eMBB data. The chances that the eMBB TB is correctly decoded are higher than with orthogonal multiplexing. This increases data spectral efficiency as well. 
Observation: Resource sharing of pre-emption indication with data avoids further pre-emption of eMBB data resources by pre-emption indication transmission in last OFDM symbol.

· As in the case described in section 3.1 the only additional step compared to a conventional reception is the symbol level interference cancellation that does marginally increase the receiver complexity.
 Observation: Resource sharing of pre-emption indication with data does not enhance receiver complexity.

Based on the above observations, we have the following proposal: 
Proposal: eMBB data and NR-PDCCH control channel can be mapped to the same REs in new radio.


Conclusion
Detailed design of NR-PDCCH when resource sharing between control and data happens is described herein. Form the obtained results, we derive the following observations: 
For resource sharing between slot/mini-slot use case: 
Observation: When a CORESET is in the same frequency sub-band or OFDM symbol as data transmission, resource sharing avoids puncturing of data and increases resource utilization efficiency. Observation: Resource sharing between NR-PDCCH and data does not increase signaling overhead.
Observation: Resource sharing between control and data information increases data spectral efficiency without loss in control channel coverage. 
Observation: Resource sharing between control and data potentially reduces blocking probability and increases frequency diversity.  
Observation: Resource sharing between NR-PDCCH and data can reduce channel estimation complexity by sharing the reference signals used for channel estimation. 
Observation: Resource sharing between NR-PDCCH and data does not enhance receiver complexity. 


For resource sharing for pre-emption indication use case: 
Observation: Resource sharing of pre-emption indication with data avoids further pre-emption of eMBB data resources by pre-emption indication transmission in last OFDM symbol.
Observation: Resource sharing of pre-emption indication with data does not enhance receiver complexity.



Based on the above observation we propose to have: 
[bookmark: _Ref124589665][bookmark: _Ref71620620][bookmark: _Ref124671424][bookmark: _GoBack]Proposal: eMBB data and NR-PDCCH control channel can be mapped to the same REGs in new radio.
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APPENDIX

Computation of power adjustment factors
We assume that the number of resource elements in the superposed region is  and the number of resource elements in the non-superposed region is  . We further assume that the composite constellation in the superposed region is the result of superposition of a control QPSK signals over a data QPSK signal, where NR-PDCCH is always mapped to the higher-power/higher-capacity component of the superposed signal. With QPSK/QPSK, the constellation power ratio of   results in a 16QAM composite constellation. The energy of control and energy of data  can be written as: 
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where  is the energy per RE of the reference orthogonal transmission,  and  being the power ratios applied to superposed and non-superposed region correspondingly. Taking into account that for the reference orthogonal case, total energy is  , the power ratio  as a function of  can be obtained as:
	
	(3)



Different values of power ratio and related results are shown in appendix.  

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 Figure 1 and Figure 2 of [2] respectively: Upon reception of the 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. All the reported cases have the same transmission power in transmission time interval.
For control channel we considered some of those agreed simulation assumptions. Namely, we considered aggregation level AL=4 and AL=8 for NR-PDCCH, taking in to account that one CEE=4 REG and DCI size is 20+16=36 information bits (where we assume a 16 bit CRC appended to DCI). For the ease of simulation, we assumed that data transmission and control transmission in the slot is dedicated to one single user. We distinguish two cases with resource sharing and without resource sharing. The first one with resource sharing consists of sending both data and NR-PDCCH of the same user in the control region as shown in Figure 4(b). Second case without resource sharing corresponds to the case where control and data are transmitted independently Figure 4 (a). More precisely, the amount of data to be used with resource sharing can be mapped in a straight forward manner to mini-slot case of aforementioned figure. It can also be mapped to the usage of slots where not all the data resource elements are occupied by only one user.
Aggregation level 8
Table 1 below presents detailed simulation assumptions for NR-PDCCH with aggregation level AL=8. 

	Parameter
	Reference:
No resource sharing, 
Data code rate = 0.5625
	Resources sharing
Data code rate =
0.4387

	DCI bits (CRC included)

	36/76
	36/76

	Coded DCI bits

	768
	768

	Data bits
 
	1440
	1440

	Coded data bits
	2560
	3328

	Number of REs in control region
	384
	384

	Number of REs in data region
	640
	1024

	Total REs used in the slot
	1024
	1024

	Number of REs in the overlapping region
	0
	384

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

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


[bookmark: _Ref481140861][bookmark: _Ref481140855] Table 1: Simulation assumption with AL=8, 1 CCE = 4 REGs.
For the reference case (i.e., no resource sharing), reported in the second column of Table 1, we selected a data code rate of (0.5625). For the case with resource sharing reported in the third column of Table 1, we considered the same number of data information bits.
In these setups, the same number of control bits per RE  is considered. With resource sharing, the resulted signal has  bits per RE. It implies that the number of data bits per RE is  in the overlapped REs (384 REs) – where . The number of coded data bits in the overlapped region is computed as  *384 = 768. The number of data bits per RE is   in the non-overlapped region 1024-384=640 REs- where  . The total number of coded data bits is the sum of the number of coded data bits over both regions 3328.
As the same number of data information bits are transmitted on the same number of REs, the maximum data spectral efficiency of both cases is the same.
The data spectral efficiency is shown in Figure 6 (a). We can see that a gain of 1.5 dB is obtained when resource sharing is considered (blue coloured versus red coloured).
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	(a)
	(b)


[bookmark: _Ref480884938][bookmark: _Ref481140997]Figure 6: Data spectral efficiency (a) and control channel BLER (b) for the scenario in  Table 1with 36 DCI bits. 

The control channel BLER is reported in Figure 6(b) with resource sharing, there is a loss of 1.0 dB for BLER=0.01 compared to the case without resource sharing. This loss is compensated by adjusting the power of the transmitted signal in the control region in a way that the total transmitted energy in the TTI remains constant. More precisely, for the case of resource sharing, we have considered that the power of the transmitted signal is increased by a factor . The power of the data signal in the non-overlapping region is decreased accordingly in order to obtain the same total transmitted energy as in the reference case.
We observe that the loss of control channel BLER is fully compensated by power adjustment of 5/4. The data spectral efficiency with power adjustment is shown in Figure 6(a) (cyan coloured). This power adjustment has gives still a gain of 1.5 dB for data spectral efficiency.
Figure 7 shows the case in Table 1 with 76 DCI bits (16-bit CRC included). 
We can see that, for a power adjustment of 6/4, we have almost the same control channel BLER as in the reference case and at the same time, the data spectral efficiency gain is 0.5 dB.  
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[bookmark: _Ref480884992]Figure 7: Data spectral efficiency (a) and control channel BLER (b) for the scenario in Table 1 with 76 DCI bits. 

Aggregation level 4
Table 2 below presents detailed simulation assumption for NR-PDCCH with aggregation level 4.

	Parameter
	Reference
(No resource sharing) 
Data code rate = 0.4750
	Resources sharing
Data code rate = 0.3393 

	DCI bits (CRC included)

	36/76
	36/76

	Coded DCI bits

	384
	384

	Data  bits 

	456
	456

	Coded data bits 
	960
	1344

	Number of REs in control region

	192
	192

	Number of REs in data region

	240
	432

	Total REs used in the slot
	432
	432

	Number of REs in overlapping region
	0
	192

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

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


[bookmark: _Ref481141237]Table 2: Simulation assumption with AL=4, 1 CCE =4 REG. 
 
Figure 8 (a) and Figure 8(b) show the data spectral efficiency and control channel BLER respectively for DCI payload of 36 bits (16-bit CRC included). We can see from figure that a power adjustment of 5/4 has almost the same control channel BLER as the reference case, while there is a data SE SNR gain of more than 1 dB. 
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[bookmark: _Ref480885008]Figure 8: Data spectral efficiency (a) and control channel BLER (b) for scenario in Table3 with DCI 36 bits.
Figure 9 (a) and Figure 9(b) present the data spectral efficiency and control channel BLER respectively for DCI payload of 76 bits (16-bit CRC included). We can see from figure that a power adjustment of 6/4 has the same  control channel BLER as in reference for BLER =0.01, while there is still a data SE SNR gain of slightly less than 1 dB for this value of power adjustment. 
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[bookmark: _Ref480885035]Figure 9: Data spectral efficiency (a) and control channel BLER (b) for scenario in Table 3 with 76 DCI bits.

Based on the simulations performed on different scenarios, and different aggregation levels we can see that resource sharing between control and data provides gain for data transmission when power adjustment is applied with no loss in control channel performance.
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