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[bookmark: _Ref478072784]Introduction
The NR Study Item was completed and closed in RAN plenary meeting#75 where the TR 38.802 was approved and is available in [1]. The NR Work Item was also approved in [2] where the WI targets meeting both eMBB and URLLC related 5G requirements in Rel-15. The design of DL control channel is an essential part of the WI.
One of the important aspects in design of DL control channel is the choice of transmit diversity schemes for NR-PDDCH. In the RAN1 NR Ad Hoc[3], the following was agreed.
Agreements:
· Transmit diversity scheme for DL control channel is supported.
· FFS; SFBC or precoder-cycling, etc.
· Other schemes are not precluded
· FFS number of antenna ports (1 or 2)
· A UE assumes fixed number of RS REs per REG for control channel rate matching when the REG contains RS REs
· FFS; If the fixed number is configurable

In the previous meeting the following agreement was made on the evaluation assumptions for down-selection of TxD schemes [4].
Agreements:
· Evaluation assumption guidelines for down selection of TxD scheme for DL control channel:
· Aggregation levels: 1, 2, 4, 8 (Proponents can evaluate higher aggregation levels in addition, e.g., 16, 32)
· DCI size: 20 and 60 bits + 16 bit CRC
· CCE size: Proponents can choose within the agreed initial estimate of 4 to 8 REGs per CCE
· Practical channel estimation
· MMSE for reference, other schemes can be evaluated in addition 
· Proponents should state assumptions on 
· Number of RS used for interpolation in time and frequency
· PRB bundling assumption
· Antenna configurations and correlations corresponding to models at carrier frequencies of 4 GHz and 30 GHz (Prioritize 4 GHz)
· DMRS density 33% (other densities can be evaluated in addition)
· Number of OFDM symbols for transmission of PDCCH: 1 (companies may additionally evaluate for other values)
· Subcarrier spacing: 15 kHz (Other subcarriers spacing may be evaluated in addition)
· Channel model
· TDL-A, TDL-C
· Delay spread 30 ns, UE speed 3 km/h, (proponents can also evaluate 70 and 500 km/hr)
· Delay spread 300 ns, UE spread 3 km/h
· Delay spread 1000 ns, UE spread 3km/h
In this contribution we discuss some options for achieving transmit diversity for the downlink control channels received in a UE-specific search space.as well as the common search space and provide corresponding performance evaluation results to propose a TxD scheme for the NR-PDCCH.
Discussion
Transmit Diversity Schemes
Robustness of control channels is important and a key factor that determines the performance of the system. Hence, it was agreed that some form of transmit diversity should be provided to the UE. We note that transmit diversity can be provided in multiple ways. Space time/frequency block coding (STBC or SFBC) is a well-known technique that can provide diversity with two antenna ports. Precoder cycling is another approach that can be used with and without transparent DMRS. 
In case of transparent DMRS (data RE and DMRS RE use the same precoder), the precoder changes per RB and the PRG is set to 1 RB, hence the gNB is free to select the precoder for each RB and is thus responsible for providing the frequency-spatial diversity. In this case, a single DMRS port is sufficient per RB. Alternatively, the precoder changes per RE, and two or more DMRS ports is used per RB, each associated with a subset of the RE in that RB. This approach is adopted for EPDCCH in LTE with 2 DMRS ports.  
In non-transparent DMRS case (data RE and DMRS RE does not use the same precoder), precoding vectors to cycle through are specified, which gives the possibility to have a large number of different precoders without scaling the DMRS overhead with the size of the precoder set. This is used for rank>1 in TM3 in LTE and works well for 2 CRS ports. In the case of 4 CRS ports, there is a risk that some of the precoders in the set are pointing in the channels null-space and thus the performance of precoder cycling is less robust as it depends on the channel correlation. 
SFBC and precoder cycling are evaluated in the next section.

[bookmark: _Ref478056983]Performance evaluations
[bookmark: _GoBack]For the NR-PDCCH performance evaluation of SFBC and precoder cycling (referred to as PCyC in the figures below), we have made the following assumptions together with the corresponding agreed simulation assumptions mentioned in section 1:
· CCE of 6 REGs consisting of 6x12 sub-carriers [5]
· Aggregation levels (ALs) of 1, 2, 4, 8
· DCI sizes of 20 and 60 bits with 16 CRC bits
· DMRS density of 33% [7]
· X=2 contiguous REGs in a CCE [7]
· Distributed transmissions
With distributed transmissions the clusters of X contiguous REGs are equally distributed in the frequency domain.  Based on the above assumptions Table 1 shows the number of clusters of contiguous REGs denoted by Nc in frequency domain for a given aggregation level. Moreover, Table 2 shows the corresponding coding rates for a given payload size and aggregation level. More details on the simulation assumptions are provided in the Appendix.
[bookmark: _Ref477377606]Table 1: The number of clusters, Nc, of X=2 contiguous REGs in frequency domain for distributed transmission for different aggregation levels (AL)
	AL
	1
	2
	4
	8

	Nc
	3
	6
	12
	24



[bookmark: _Ref478004309]Table 2: NR-PDCCH Coding rates, r, for DMRS density of 33%, CCE of 6 REGs and payload sizes of 20 and 60 bits and aggregation levels 1, 2, 4 and 8
	AL
	1
	2
	4
	8

	20 payload bits
	r=5/24
	r=5/48
	r=5/96
	r=5/192

	60 payload bits
	r=5/8
	r=5/16
	r=5/32
	r=5/64
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[bookmark: _Ref478007103]Figure 1: PDCCH BLER for SFBC and pre-coder cycling TxD schemes for 20 payload bits, TDL A30ns channel model, different aggregation levels (AL) with CCE of 6 REGs, distributed transmission with X=2 contiguous REGs, and Nc clusters and coding rate r corresponding to the aggregation level used
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[bookmark: _Ref478007111]Figure 2: PDCCH BLER for SFBC and pre-coder cycling TxD schemes for 60 payload bits, TDL A-30ns channel model, different aggregation levels (AL) with CCE of 6 REGs, distributed transmission with X=2 contiguous REGs, and Nc clusters and coding rate r corresponding to the aggregation level used. 
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[bookmark: _Ref478007226]Figure 3: PDCCH BLER for SFBC and pre-coder cycling TxD schemes for 20 payload bits, TDL B-300ns channel model, different aggregation levels (AL) with CCE of 6 REGs, distributed transmission with X=2 contiguous REGs, and Nc clusters and coding rate r corresponding to the aggregation level used. 
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[bookmark: _Ref478007233]Figure 4: PDCCH BLER for SFBC and pre-coder cycling TxD schemes for 60 payload bits, TDL B-300ns channel model, different aggregation levels (AL) with CCE of 6 REGs, distributed transmission with X=2 contiguous REGs, and Nc clusters and coding rate r corresponding to the aggregation level used. 
Figure 1 and Figure 2 illustrate the PDCCH BLER versus the SNR for SFBC and precoder cycling TxD schemes for TDL A-30ns channel model with a UE at 3 km/h for different aggregation levels and DCI sizes of 20 and 60 bits. Moreover Figure 3 and Figure 4 show the corresponding results for TDL-B 300ns channel model. 
 In general, the results show that the performance achieved with precoder cycling and SFBC is quite similar except for the case of aggregation level 1 with 60 payload bits where there is an advantage of up to 2 dB for SFBC. We note that, particularly for higher aggregation levels and low code rates the difference is very small even for BLERs as low as 0.001%. 

Observations:
· Precoder cycling has similar performance to SFBC except for the case of aggregation level 1 with a payload of 60 bits


Transmit Diversity Schemes for UE-specific and Common Search Spaces
SFBC techniques are more beneficial at higher coding rates and correlated channels between antennas, where the diversity achieved via channel decoding is low and techniques such as frequency shift transmit diversity or precoder cycling provide limited gains. Thus, SFBC could be beneficial when the SINR is high and a low aggregation level, e.g., aggregation level 1 is used as shown in the previous section. In such a situation, the use of SFBC could allow for higher coding rates, lower CCE overhead and hence the multiplexing of a greater number of PDCCHs for different users for a given size of the control resource set (CORESET).  
While such overhead is low, it is not clear if there are many practical scenarios where a lot of users with high SINRs using low aggregation levels need to be multiplexed together in the same slot. Furthermore, only users whose SNR lies within a narrow range of 2 dB will need to be served by a higher aggregation level in order to meet the performance target if only precoder cycling is supported. For instance, in Figure 4, users whose SINR lies in a range of 8 to 10 dB will be forced to use aggregation level 2 instead of 1 if SFBC is not defined. For other users, the performance target can be largely achieved with both precoder cycling and SFBC. 
The use of a technique such as precoder cycling has the benefit of greater flexibility than SFBC to adapt to different conditions. For instance, such a scheme could operate transparently so that the UE is not aware of the particular set of precoders being used by the gNB and how the cycling between them is being performed. This gives the gNB the ability to adapt seamlessly to both localized and distributed PDCCH transmissions without changing the transmission scheme. 
The gNB may choose to use PDCCH transmission mapped across multiple RBs without cycling through different precoders per RB or may use per-RB cycling dependent on the knowledge of the channel at the gNB. The set of REs over which the UE may assume that the effective channel is unchanged (i.e. the PRG size) needs to be defined. The structure of a control channel in terms of the size of REGs and CCEs and how the CCEs are structured is discussed in [5][6]. A pair of REGs contiguous in frequency is a good choice for a set over which the precoder chosen by the gNB is the same.
It is worthwhile noting that the use of an SFBC scheme can limit the victim UEs interference suppression performance. For instance, if two DMRS ports are defined for the control channel message, with the use of precoder cycling or SFBC, a victim UE that does not know which REs are associated with the different states of the diversity precoding will effectively see a two-layer interferer and will thus use up two degrees of freedom in the receiver although the transmission is inherently single layer.  While it is possible at least theoretically for victim UEs to determine the diversity precoding or precoder state of an interferer, it has so far proved difficult in LTE e.g. in the context of NAICS.
If the gNB wants to enable MU-MIMO operation for control channels, a single DMRS port precoder cycling per PRG is more attractive since the same cell UE can suppress interference from the overlaid MU-MIMO transmission by using the antenna port not used for the UE’s PDCCH transmission for estimation of parameters related to the interference. Victim UEs in adjacent cells will “see” a rank 1 interferer which in the IRC receiver which allows for more efficient suppression. If an SFBC transmission over both antenna ports is used, such flexibility and performance in enabling MU-MIMO would be degraded. Considering the flexibility and transparent adaptation possible with precoder cycling, it should be the basic scheme that is used for providing transmit diversity. 
Proposal: 
· Precoder cycling with transparent DMRS should be used for providing transmit diversity for PDCCH transmissions.
Precoder cycling can be used with one or more antenna ports. Considering that 2 port transmissions are being considered for all channels including for PBCH, it is reasonable to define 2 ports for the transmission DL control channels. The precoder cycling can be done across the two ports. Furthermore, the definition of two ports will allow MU-MIMO operation for control channels where the UE can perform some suppression of the interference from the other control message transmission.
From the above discussion, we can see that two ports can be useful for MU-MIMO, as well as for precoder cycling. This leads us to the following observation and proposal.
Observation:
· Two ports can be useful for MU-MIMO, as well as for precoder cycling.
Proposal: 
· Two antenna ports can be considered for DL control channel transmissions.

A common search space where multiple UEs can receive a control message is going to be critical to the operation of NR. For instance, when beamforming is necessary in higher frequency bands, during initial access to an NR system, the UE needs to access a common search space after synchronizing to the system and choosing its cell/beam, where more detailed information regarding the system can be provided to the UE. 
Since a common search space is used, as in LTE, to send control messages addressed to many UEs in the cell, these control messages may not have the benefit of beamforming gains or link adaptation gains that can be achieved with a UE-specific control message. In NR, it may also be the case that the common control messages may be sent over a different wider beam than UE-specific messages and need to reach the entire coverage area. Thus, these messages need to have greater robustness to compensate for the loss in coverage. It is therefore expected that common control messages would mostly be transmitted using low coding rates (<1/3) and thus higher aggregation levels, e.g., 4 or 8 CCEs or even higher (TBD). 
With regard to common control messages, while diversity is very important in order to ensure robustness, it is worth noting that at the coding rates expected for these messages, the addition of SFBC is not going to provide significant additional diversity gains since the strong channel code already harvest most of the gain from the frequency selective channel after precoder cycling as shown by the performance evaluations in the previous section.
Observation:
· For common search space PDCCH, the code rate is low and the strong channel code can harvest most of the diversity gain from a frequency selective channel.
 
Considering the above, even though common control messages have been seen in the past as a good motivation to use SFBC, it is not clear that from a system performance perspective, there is sufficient motivation to add an SFBC scheme for diversity specifically for the common control channels especially considering the very minor difference in performance between SFBC and precoder cycling, even for cases where there is a performance difference as shown in Section 2.2. The use of an SFBC scheme can also limit flexibility as discussed above.
Although the need for NR to be flexible across a wide range of scenarios, it is beneficial to have a single scheme for transmit diversity for control channels across both UE-specific and common search spaces. In essence, our top priority is to avoid specifying different schemes for the UE specific and common control channels. We therefore propose the following. 
Proposal: 
· The same transmit diversity schemes should be used for both common and UE-specific control messages.

Conclusions
In this contribution, we discussed the important aspects in relation to the transmit diversity schemes for NR-PDCCH and evaluated the corresponding performance for different PDCCH aggregation levels, payload sizes and channel conditions. The investigation results in the following observations and proposals for the choice of transmit diversity scheme for NR-PDCCH design.
Observations:
· Precoder cycling has similar performance to SFBC except for the case of aggregation level 1 with a payload of 60 bits
· Two ports can be useful for MU-MIMO, as well as for precoder cycling.
· For common search space PDCCH, the code rate is low and the strong channel code can harvest most of the diversity gain from a frequency selective channel.
Proposals:
· Precoder cycling with transparent DMRS should be used for providing transmit diversity for PDCCH transmissions.
· Two antenna ports can be considered for DL control channel transmissions.
· The same transmit diversity schemes should be used for both common and UE-specific control messages.
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[bookmark: _Ref477421090]Table 3: Link level simulation parameters
	Parameter
	Value

	Carrier Frequency
	4 GHz

	Control Resource Set Bandwidth
	20 MHz

	Sub-carrier Spacing
	15 kHz

	DCI Payload Size
	20 bits and 16 CRC bits
60 bits and 16 CRC bits

	Modulation
	QPSK

	Channel Coding
	Tail-biting Convolutional Code as in Rel-8

	Aggregation Level
	1, 2, 4, 8

	CCE size
	6 REGs or 72 subcarriers

	Number of OFDM symbols for NR-PDCCH
	1

	Channel Model 
	TDL-A, Delay spread 30 ns, UE speed 3 km/h
TDL-B, Delay spread 300 ns, UE spread 3 km/h

	gNB antenna configuration 
	2Tx, 2 Rx

	UE antenna configuration
	1Tx, 2Rx

	Channel Estimation
	MMSE 

	Noise Estimation
	Ideal

	Transmission Diversity Scheme
	SFBC
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