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Introduction
In the NR study item, the following agreements were achieved concerning NR-PDCCH: 

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

· For one UE, the channel estimate obtained for one RE should be reusable across multiple blind decodings involving that RE in at least the same control resource set and type of search space (UE-specific).

In this contribution, agreements of NR-PDCCH are taken into account to provide a detailed design of NR-PDCCH when we use resource sharing between NR-PDCCH and eMBB data. Additionally, simulations are performed to assess the performance of the design based on agreed simulation assumptions. 

[bookmark: OLE_LINK10][bookmark: OLE_LINK11]Resource sharing between NR-PDCCH and eMBB data 
Figure 1 shows the frame structure for two different cases with and without resource sharing between NR-PDCCH and eMBB data based on definitions of CCE, REG and control resource set region established during the NR SI. The control resource region can span one or two OFDM symbols (the case of two OFDM symbols is shown below). NR-PDCCH is one or multiple CCEs depending on aggregation level. The figure shows the case of localized NR-PDCCH transmission where consecutive REGs in frequency are allocated and the mapping of REG to CCEs is localized.
Without resource sharing – see Figure 1 (a) – REGs in the control resource region contain only control information of a user, e.g., UE1 (red-coloured). When dynamic reuse of data in the control resource set is applied, some REGs in control resource region contain only data (cyan-coloured). In the remaining part of the slot, data information for UE1 is transmitted (navy-blue coloured). 
With resource sharing – see Figure 1 (b) – REGs that are in the control region contain both control of a user, e.g., UE1, and data of the same user (yellow coloured). PRBs containing data of same or different user are navy-blue coloured.


[bookmark: _Ref478043564][bookmark: _Ref478111772]Figure 1:  Frame structure for slot: (a) without resource sharing; (b) with resource sharing

Similar principle can be applied for the case of mini-slot shown below in Figure 2. We consider the case where control resource set has two OFDM symbols. Resource sharing happens between control and data of the same user as shown in Figure 2.


[bookmark: _Ref477550076][bookmark: _Ref477550061]Figure 2: Frame structure for mini-slot: (a) without resource sharing; (b) with resource sharing

Resource sharing between NR-PDCCH and eMBB data has several advantages:
· Control REGs can be used for data to obtain increased data spectral efficiency.
In this case, data spectral efficiency is increased and control channel overhead is reduced or eliminated. This is important specifically for application related to mini-slot of size one or two OFDM symbols, where control channel overhead becomes considerable. Alternatively, for the same data spectral efficiency, a gain in signal to noise ratio is achieved when resource sharing is performed.     
· Use of more REGs in the control resource set permits to achieve better blocking probability without allocating additional dedicated resources and make it easier to take advantage of frequency diversity.
One of the features of new radio is that NR-PDCCH should be located in the first OFDM symbol(s) of a slot/mini-slot. Minimum NR bandwidth is agreed to be 25 PRB (corresponding to 5MHz with 15kHz SCS). The size of a control resource set is defined to be one or two OFDM symbols. Legacy LTE PDCCH was designed to be wide-band allocated over the whole bandwidth (up to 3 OFDM symbols). The effective number of control resources  in NR may become smaller than LTE PDCCH.   
If we allow resource sharing between NR-PDCCH and data, we can increase the size of the control resource set by incorporating almost all the PBBs 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.
· 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 above agreement.) 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.   
· Resource sharing between NR-PDCCH and eMBB data does not enhance the receiver complexity.
The detailed block diagram of receiver is shown in [2]. When data and control of the same user are transmitted simultaneously, in the receiver, the receiver demodulates and decodes the control information 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.

Resource sharing is achieved by superposition of control and data information [1]. In the constituent component constellation, bits with higher bit level capacities are be allocated to control transmission.

Simulation results
Blocking probability as well as control channel performance is evaluated based on the current agreements (see above agreements).
Blocking probability
We consider 10 MHz bandwidth (=50 PRBs) for legacy LTE control channel with two and three OFDM symbols allocated to control channel. This corresponds to 33, 50 and 66 CCEs, if we do not consider overhead related to reference/PCFICH/PHICH signal transmission.
For the same bandwidth (10 MHz), we consider NR-PDCCH in a control resource set of size one and two OFDM symbols if dynamic reuse of data in control region is not activated. If we consider that one CCE is 4 REG, we have 12 CCEs for control region allocated for the case where control region is one OFDM symbol. If one CCE is 8 REGs, 6 CCEs will be allocated to control resource region when control region is one OFDM symbol. This value does not permit to accommodate higher aggregation levels such as 8 and the corresponding search space can not accommodate more than one decoding candidate for aggregation level 4. Resource sharing between NR-PDCCH and eMBB data permits us to use more REGs inside control resource set (taking into account also second OFDM symbol) to transmit NR-PDCCH. In this case we can allocate twice more CCEs, reduce blocking probability and accommodate agreed aggregation levels (e.g. 8.) and more decoding candidates for NR-PDCCH with aggregation level 4. Moreover, in these REs one can also transmits data, therefore there is no considerable impact on spectral efficiency.   
For simulation and comparison, 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. The same search space candidate numbers as in LTE-PDCCH are considered for all cases. Result of simulation is provided in Figure 3. Wide-band LTE-PDCCH cases are shown with green asterisk and blue plus corresponding to two or three OFDM symbols configured. Red left-pointing triangle corresponds to two different cases in NR-PDCCH:  one OFDM symbol with 1 CCE = 4REG and two OFDM symbols with CCE = 8REG. Cyan squared sign corresponds to two OFDM symbol with CCE= 4REG and blue right-pointing triangle denotes one symbol with CCE=8REG. We can see from the figures that blocking probability is considerably increased for NR-PDCCH design compared to legacy design. If we consider the fact that some REGs are configured to be used only for data transmission results for NR-PDCCH control channel will be even worse. .
We didn’t consider in the simulation the case corresponding to spatial multiplexing of control channel CCEs. 

	Aggregation level
	Probability

	1
	0.6

	2
	0.2

	4
	0.15

	8
	0.05


[bookmark: _Ref473035879]Table 1: Distribution of aggregation levels.
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[bookmark: _Ref478116484]Figure 3: Blocking probability.

Observation: Resource sharing between control and data makes available more REGs for transmission of control information, therefore it reduces blocking probability.

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 control information of the same user in the control region as shown in Figure 2 (b). Second case without resource sharing corresponds to the case where control and data are transmitted independently Figure 2 (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 2 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: _Ref478114562][bookmark: _Ref478118268] Table 2: 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 2, we selected a data code rate of (0.5625). For the case with resource sharing reported in the third column of Table 2, 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 computes 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 4(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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	(b)


[bookmark: _Ref477766400]Figure 4: Data spectral efficiency (a) and control channel BLER (b) for the scenario in Table 2 with 36 DCI bits. 

The control channel BLER is reported in Figure 4(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 4(a) (cyan coloured). This power adjustment has gives still a gain of 1.5 dB for data spectral efficiency.
Figure 5 show the case in Table 3 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: _Ref478122582]Figure 5: Data spectral efficiency (a) and control channel BLER (b) for the scenario in Table 2 with 76 DCI bits. 

Aggregation level 4
Table 3 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: _Ref478565448]Table 3: Simulation assumption with AL=4, 1 CCE =4 REG. 
 
Figure 6(a) and Figure 6(b) show the data spectral efficiency and control channel BLER respectively for DCI payload of 36 bits (16-bit CRC inncluded). 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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	(b)


[bookmark: _Ref478567533]Figure 6: Data spectral efficiency (a) and control channel BLER (b) for scenario in Table3 with DCI 36 bits.
Figure 7(a) and Figure 7(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. 

	[image: ]
	[image: ]

	(a)
	(b)


[bookmark: _Ref478567748]Figure 7: 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.
   
Observation: Resource sharing between control and data provides SNR gains compared to the case of non –resource sharing with negligible impact on control channel BLER.

Based on the above performance evaluations and 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
A detailed design of NR-PDCCH when resource sharing between control and data is allowed is described in this contribution and evaluations are performed to assess performance. 
Form the obtained results, we derive the following observations: 
Observation: Resource sharing between control and data makes available more REGs for transmission of control information, therefore it reduces blocking probability.
Observation: Resource sharing between control and data provides SNR gains compared to the case of non –resource sharing with negligible impact on control channel BLER. 
Based on the above observation we propose to have: 
Proposal: eMBB data and NR-PDCCH control channel can be mapped to the same REs in new radio.
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