
3GPP TSG RAN WG1 NR Ad-Hoc#2
R1-1710152
Qingdao, P.R. China 27th – 30th June 2017

Source:
Guangdong OPPO Mobile Telecom
Title:
Search space design consideration for NR PDCCH with BF
Agenda Item:
5.1.3.1.2.3
Document for:
Discussion and Decision

1. Introduction

In LTE, the physical downlink control channel (PDCCH) are transmitted in the first several symbols in a subframe. The PDCCH is transmitted on one or more sets of resources called CCE, and to satisfy various SINR vs BLER requirement, multiple CCEs could be aggregated. From an UE perspective, it needs to search for a number of possible PDCCH candidates (at different locations and with different CCE AL) for its PDCCH and this set of PDCCH candidates is called the PDCCH search space. In LTE, CCEs from different PDCCHs are interleaved and distributed across the whole PDCCH region. To determine its PDCCH search space, the UE needs to first determine the size of PDCCH region (time and frequency) as the total number of CCEs is needed  to determine the locations of PDCCH candidates for an UE. 
In 5G NR, there are some changes for the PDCCH. First, the PDCCH region does not span the whole system bandwidth but rather over a limited portion of the spectrum. The time-frequency region for the PDCCH is defined as control resource set. Second, there are some new requirements and techniques introduced in 5G NR, which may affect the design of PDCCH. For example, beamforming (BF) is introduced which could be feasible and beneficial especially for higher frequency band (> 6GHz). It could also be used for PDCCH to boost its coverage and robustness. Some new applications are also introduced in 5G NR like URLLC, which is very sensitive to the latency. All these could impose new requirements for PDCCH design as well as provide opportunities for new techniques. As consequence, proposals for NR PDCCH design were submitted in the past several meetings which include various CCE mapping (frequency, time or combined). Some confusions also emerged among the CCE mapping,  property of control resource set and UE search space attributes for PDCCH. 

At RAN1 NR Ad-hoc meeting held in Jan of 2017, some clarifications were made on such confusions and the following agreements were derived

Agreements:
· A control resource set is defined as a set of REGs under a given numerology

· Control search space includes at least the following properties

· Aggregation level(s)

· Number of decoding candidates for each aggregation level

· The set of CCEs for each decoding candidate

· FFS: if any of the following properties belong to control resource set or control search space

· Transmission/diversity scheme

· CCE to REG mapping

· RS structure

· PRB bundling size

· FFS: if the control resource sets can overlap or not

· FFS: whether the mapping between control resource set and control search space is one-to-one or one-to-many 
In this contribution, search space designs for NR PDCCH are discussed with considerations in mind on such areas such as supporting beamforming, beam switching for PDCCH etc. 
2. NR PDCCH search space design with Beamforming
As shown in Figure 1, in LTE system, the physical DL control channel (PDCCH) is transmitted in the first several OFDM symbols span the whole system bandwidth at the beginning of a subframe. The PDCCH is transmitted at one or more sets of resources called control channel element (CCE), and each CCE is further divided into a number of resource element groups (REG). The REGs from different PDCCHs are interleaved and spread across the whole DL control region on both time and frequency to obtain diversity gain. In LTE, the number of symbols in PDCCH region is signaled by PCFICH and the UE needs to decode this channel to get control channel format indicator (CFI), which is the actual number of OFDM symbols of PDCCH region. As the overall PDCCH search space depends on this information, without decoding it correctly, UE may not be able to decode its PDCCH.
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Figure 1: PDCCH structure in LTE
In 5G NR system, more spectrum would be used especially at higher frequency bandwidth (>6GHz) and some new techniques such as beamforming (BF) are adopted. The use of BF on one side would bring the beamforming gain and reduce the interference, on the other side, the wavelength at higher frequency will reduce the size of antennas array and make its implementation feasible. The PDCCH could also benefit from BF transmission to improve the  coverage and robustness. 
In 5G NR system, both system and UE could use transmit BF and receive BF to increase the BF gain.  As shown in Figure 2, different transmit beam and receive beam could form different beam link pair (BLP) and the reception performance on each BLP could be different. From transmission perspective, if analog BF technique is used, the whole OFDM symbol could be transmitted on the same beam. Therefore, to make sure that PDCCH could be transmitted on the right beam to the UE, the system may use different beams at different time to transmit PDCCH to the UE. Such behavior shall be transparent to the UE as switching could happen dynamically and system may not send any signal to inform UE such change prior to the PDCCH transmission. The PDCCH candidates and search space could be designed to cope with these requirements and improve the BLP switching and robustness of PDCCH transmission. 
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Figure 2: Beam link pair in NR system
To accommodate the requirement in 5G NR that PDCCH may need to be transmitted on different OFDM symbols with different directional beams, a method could be adopted that PDCCH candidates could be repeated or split and transmitted on different OFDM symbols with different beams. As shown in Figure 3 as an example, PDCCH candidates for PDCCH #1 and PDCCH #2 could be transmitted on different OFDM symbols, respectively and different beams are used to transmit signals on each OFDM symbol. The difference between this method and the one adopted in LTE as shown in Figure 1 is that here, a whole PDCCH candidate (along with corresponding CCEs) is allocated and transmitted on the same OFDM symbol, and different PDCCH candidates (along with corresponding CCEs) are allocated and transmitted on different OFDMs. While in LTE system as shown in Figure 1, the REGs of the same PDCCH candidate are allocated and transmitted across different OFDM symbols within the control region. Such difference is due to different motivations (and techniques used) behind. In LTE, BF technique is not used for PDCCH, therefore, the PDCCH is divided into a number of CCE and further into groups of REGs, and REGs of different PDCCH(s) are interleaved and allocated onto different OFDM symbols to obtain  diversity gain in both time and frequency. For comparison, in 5G NR, BF is used and different OFDM symbols are used to transmit with different transmit beams, thus allocating the different PDCCH candidates (along with all corresponding CCEs)  on different OFDM symbols and transmit on different beams could exploit the BF gain while also avoid the beam mismatch between the system and UE. In other word, it could make the beam switching in a more transparent way for PDCCH (through decoding of different PDCCH candidate on different symbols/beams).  
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Figure 3: Transmit PDCCH candidates on different OFDM symbols with different beams
To maintain the same number of blind decoding (BD),  PDCCH candidates could  be split and allocated to different OFDM symbols, as shown in Figure 4 as an example, where PDCCH candidates of different AL are evenly split for different OFDM symbols. The PDCCH candidates allocated to each OFDM symbols could include PDCCH candidates of different CCE AL. Such PDCCH candidate allocations could be configured semi-statically and signaled to the UE using higher layer signals. The configuration could include the total number of PDCCH candidate allocated on each OFDM symbols, the number of PDCCH candidates of each CCE AL allocated on each OFDM symbols, and maybe some information on the locations of PDCCH candidates on each OFDM symbols. The configuration may also include the total OFDM symbols that the PDCCH candidates for this particular UE could be allocated/transmitted on, which may or may not be the same as the total number of OFDM symbols for the control region. For example, if the total control region (or control resource set) has 3 OFDM symbols in time domain, the configuration of a particular UE could only include the first two OFDM symbols, namely, 1st and 2nd OFDM symbols. In another example, the configuration of a particular UE could only include the last two OFDM symbols, namely, 2nd and 3rd OFDM symbols of total 3 OFDM symbols control resource set.  The allocations of different number of PDCCH candidates to each OFDM symbols could be based on the beams that are used on each OFDM symbols, as well as loads on each OFDM symbols. For example, if gNB knows that the UE is in the coverage of one beam, it could allocate most of its PDCCH candidates onto the OFDM symbol that is transmitted using that particular beam. If an UE is in the overlapping area covered by two beams, the gNB could allocate PDCCH candidates to both OFDM symbols that are transmitted using these two beams respectively.  Alternatively, if the load on one OFDM beam (number of PDCCH candidates of all UEs transmitted on that OFDM symbol) is full or almost full (gNB could determine this based on the usage of the symbol), the gNB could allocate PDCCH candidates to other OFDM symbols. Here different OFDM symbols could transmit with the same or different beams, thus make the resource allocation more flexible.
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Figure 4: PDCCH candidates split for different OFDM symbols using different beams
In summary, the PDCCH structure discussed in this contribution could be summarized into the following proposals
Proposal 1
· Support the split of PDCCH candidates across a number of OFDM symbols.
· The number of PDCCH candidates (including CCE AL information ) on each symbol could be configured to the UE

· From UE perspective, its PDCCH search spaces could be configured on one or more symbols
· Different OFDM symbols could be transmitted using the same or different beams respectively

3. Slot/mini-slot-level design of NR-PDCCH for multi-beam system
The slot/mini-slot-level design of NR-PDCCH for multi-beam brings some requirements: 

Firstly, since different DL beams may cover different numbers of UEs and different service load, the transmit duration of each beam may change from one DL Tx period to the next. The beam-specific PDCCH structure should be able to support the flexible load balancing between beam blocks.

Secondly, the coverage performance of a beam-specific PDCCH should also be at least as good as corresponding beam-specific PDSCH. Hence the beam-specific PDCCH must be able to take the advantage of beamforming. A single-beam PDCCH may become a bottle neck in coverage of a multi-beam system.
Finally, Meanwhile the starting point and duration of each beam block are set flexibly, the complexity of a UE for PDCCH blind detection and PDSCH reception should not be substantially increased.

Three structures can be considered for multi-beam PDCCH >6GHz:

Structure 1: In-block PDCCH for each beam block
As shown in Figure 5, the structure of each beam block is similar to the slot structure for single-beam system. PDCCH is placed in the first several symbols in the beam block (no matter the beam block is fit into a mini-slot, slot or a set of aggregated mini-slots/slots).
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Figure 5: Structure 1: In-block PDCCH for each beam block
The merit of this structure is that the same beamforming gain as PDSCH can be obtained. However, if the flexible starting point of each beam block is supported, the time-domain position of a UE search space is uncertain. A UE needs to monitor PDCCH in every possible symbol, which results in the high complexity and power consumption. It may be reasonable to require a URLLC UE to perform the per-symbol time-domain blind detection of PDCCH because the complexity and power consumption can be trade off to guarantee the low-latency requirement. However it is not reasonable to require an eMBB UE to suffer from high complexity and power consumption due to per-symbol blind detection.

A RRC signaling carrying possible density/periodicity of a beam-specific PDCCH may be helpful to reduce the complexity to some extent. However the semi-static RRC signaling cannot adapt to the dynamically-changed beam block allocation.

Structure 2: Front-loaded PDCCH shared by all beam groups
As shown in Figure 6, PDCCHs for all beam blocks are transmitted together at the beginning of a DL Tx period. Different multiplexing schemes between beam-specific PDCCHs can be considered, among which only TDM can support multi-beam operation, and obtain beamforming gain. However, TDM-based multi-beam PDCCH may be low efficient due to frequent symbol-level beam switching. In case of FDM or CDM, the analog beamforming cannot be used for each beam group, and thus lose the beamforming gain for coverage performance. 

Another problem of the multi-beam-shared PDCCH is: The PDCCH transmitted in advance of corresponding PDSCH may limit the up-to-date scheduling flexibility. 
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Figure 6: Structure 2: Front-loaded PDCCH shared by all beam groups
The approaches enabling scheduling flexibility meanwhile avoiding the complex per-symbol blind detection for UEs should be considered. One is to inform UE the slot/mini-slot sets in which the UE may need to detect its PDCCH. A beam-specific PDCCH would not span over the whole time-domain resource. For example at least PDCCH for Beam Group A will not be allocated in the slot/mini-slot containing SS block of Beam Group B. A UE should be able to skip the slot/mini-slot in which its PDCCH will be definitely absent.
Another factor that needs to be taken into account is the multiplexing between PDCCH and SS block. If the SS block is allocated at the beginning of a slot/mini-slot and in the center of the system bandwidth, the PDCCH (including the UE-common search space) may need to be allocated in the frequency resource outside the SS bandwidth, i.e. FDM between SS block and PDCCH. The advantage of the option is that the time-domain position of the PDCCH does not need to be blindly detection because it is aligned with the SS block. Another option is TDM between SS block and PDCCH, i.e. SS block and PDCCH are present in the different symbols of a slot/mini-slot. The advantage of the option is that the frequency-domain resource of common search space in a slot/min-slot with SS block and a slot/mini-slot without SS block can keep same.
Proposal 2: 
· The slot/mini-slot-level design of NR-PDCCH for multi-beam system >6GHz should take the consideration of flexible load balancing between beam blocks, coverage performance, UE detection complexity and PDCCH/SS block multiplexing, etc.
4. Conclusions
In this contribution, some search space aspects for NR PDCCH are discussed with focus on the support of BF, beam switching. A more flexible search space configuration is proposed which could be summarized as follows
Proposal 1: 
· Support the split of PDCCH candidates across a number of OFDM symbols.

· The number of PDCCH candidates (including CCE AL information ) on each symbol could be configured to the UE

· From UE perspective, its PDCCH search spaces could be configured on one or more symbols

· Different OFDM symbols could be transmitted using the same or different beams respectively
Proposal 2: 
· The slot/mini-slot-level design of NR-PDCCH for multi-beam system >6GHz should take the consideration of flexible load balancing between beam blocks, coverage performance, UE detection complexity and PDCCH/SS block multiplexing, etc.
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