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1. Introduction

In 4G LTE system, the control region spans the whole system bandwidth and occupies the first several OFDM symbols in a subframe. A physical downlink control channel (PDCCH) is carried by one or multiple control channel element (CCE) depending on the size of payload and channel quality. A CCE further consists of  a number of  resource element group (REGs) . The REGs of different PDCCHs are interleaved and spread across the whole control region (in both time and frequency) to obtain time  and frequency gain. The channel estimation is accomplished based on cell-specific reference signal (CRS) which are transmitted at fixed locations across the whole control region. 
In 5G NR system, similar channel structure could be used for its PDCCH, namely,  PDCCH -> CCE-> REG.  However, there are also some new developments/ideas in the design of 5G NR PDCCH. For example, there could be different ways of mapping CCE/REG to the time/frequency region for PDCCH (called control resource set in NR).  Among them there could be frequency-first mapping, or time-first mapping or a combination of both. Besides this, mapping elements of a PDCCH in contiguous or distributed manners are also supported. There are pros and cons for each way of mapping and the main purpose is to exploit various gains such as time/frequency diversity gain,  localized frequency selective gain, as well as beamforming (BF) gain. The other aspect that 5G NR is different from 4G LTE is that DMRS will be used for PDCCH demodulation. The DMRS for a PDCCH will be transmitted along with its intended PDCCH but not across the whole control region. That requires enough amount of DMRS for a good channel estimation. A good design of mapping needs to balance the requirement from these aspects, namely, to benefit from various gains as mentioned above as well as  generate good channel estimation for PDCCH decoding.

In RAN1 88bis meetings, it was agreed to support PDCCH REG bundling as stated below
Working assumption:
· One-port transmit diversity scheme with REG bundling per CCE is used for NR-PDCCH

· FFS the bundling size

· FFS: REG bundling is also for localized mapping in time and/or frequency-domain
· Companies are encouraged to provide evaluation results for 10 MHz and 20 MHz for larger aggregation levels and 5 MHz and 10 MHz for smaller aggregation levels 

Agreements:
· A CCE may be mapped to REGs with interleaved or non-interleaved REG indices within a CORESET

· Definition of a REG bundle: The UE may assume that the same precoder is used for the REGs in a REG bundle and that the REGs in a REG bundle are contiguous in frequency and/or time 
· REG bundling per CCE is supported for NR-PDCCH
· FFS: Whether this applies to common search space

· FFS: Whether all REGs have DMRS or not
· FFS: Whether wideband precoding is supported and the definition of a REG bundle if it is supported
· FFS: whether REG bundle size is different for mapping of NR-PDCCH with or without interleaved mapping of CCE to REGs 

· FFS on REG bundle size

· FFS whether REG bundle size is configurable

In this contribution, some discussion on CCE-to-REG mapping with REG bundling are presented.  
2. NR PDCCH CCE-to-REG mapping with REG bundling
As a PDCCH is carried by one or multiple CCE and a CCE further consists of multiple REGs.  There are different ways of conducting the mapping. For example, REGs of a PDCCH could be distributed across the time/frequency domain of a control region to exploit time/frequency diversity similar as in LTE. However, that may lead to some channel estimation performance loss due to the limited DMRS transmitted within a REG. To trade off between diversity gain vs channel estimation performance,  REG could be bundled together and distributed across time/frequency to not only exploit the diversity gain but also maintain certain channel estimation performance. Figure 1 shows an example where each CCE is assumed to have 8 REGs, and they are bundled into two REG groups and each group of bundled REGs are distributed in frequency.  By doing this, 4 REGs in a bundle could contain enough DMRS to maintain good channel estimation performance, while distributions of REG bundles across frequency could exploit frequency diversity. 
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Figure 1: Mapping of bundled REGs in a distributed manner on the same OFDM symbol
If a control resource set (CORESET) contains multiple OFDM symbols,  the bundled REG could be constructed differently. As shown in Figure 2 as an example, a REG bundle which contains 4 REGs could be mapped to physical resources by mapping REGs along time first followed by frequency (or alternatively, along frequency first followed by time), thus form a time-frequency block (in the example, it is a 2-PRB (physical resource block) x 2-symbol block assuming a REG occupies a set of 1-PRB x 1-symbol resources). Such blocks are then distributed across frequency to obtain frequency diversity gain. 
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Figure 2: Mapping of bundled REGs in a distributed manner onto multiple OFDM symbols

Table 1  shows some examples of REG bundle size when search space has two OFDM symbols. To make sure the bundled REGs could be mapped to physical resources in a more regular manner, it is preferred that CCE size is the same as REG bundle size (in terms of REG number) or is multiples of REG bundle size (twice or three times e.g.). As the same precoding vector would be applied to REGs in the same bundle,  no cross-CCE REGs should be bundled together.  On the other hand, it is preferred the bundled REGs shall be mapped to the time-frequency domain in a more regular pattern (likely to form a square or rectangular shape of time-frequency block). That would make the bundling of REGs more easy to implement and avoid some unused portions in time-frequency domain wasted.  

Table 1 Examples of REG bundle size

	CCE size (number of REGs) 
	4
	6
	8
	16

	REG bundle size

(assuming 2 symbol search space)
	2 PRB x 2 symbol
	3 PRB x 2 symbol
	· 2 PRB x 2 symbol 

· 4 PRB x 2 symbol
	· 2 PRB x 2 symbol  

· 4 PRB x 2 symbol 

· 8PRB x 2 symbol

	REG bundle size

(assuming 4 symbol search space)
	
	
	· 2 PRB x 4 symbol 


	· 2 PRB x 4 symbol 

· 4 PRB x 4 symbol


From the above-mentioned design considerations and criteria, and given that a CCE may contain more of even numbers of REGs, like 4,6, 8 and 16, it is preferred to also only support even number of OFDM  symbols for a search space, e.g., support 2 symbols for a search space, regardless the overall symbols used as control region, e.g., 3 or 4. That is in addition to support 1 symbol for a search space.  If a control resource set (CORESET) contains only one search space, then the time duration of a search space is equivalent to that of a CORESET.
To summarize , the CCE-to-REG mapping with REG bundling could start with forming REG bundles according to configured mapping direction (time first or frequency first) and REG bundle size. Figure 3 shows an example that time-first mapping is configured with two OFDM symbol for the search space. If a CCE contains 8 REGs, two REG bundle blocks could be formed with each bundle  block occupying a 2 PRB x 2 symbol time-frequency resource block and containing 4 REGs . If interleaving is supported, such bundle blocks could be used then as the input to an interleaver to distribute them across the frequency on per REG bundle basis. Figure 4 shows an example of frequency first mapping, in which each CCE is assumed to contain 4 REGs and 2 REG bundle blocks could be formed for each CCE, where each REG bundle contains 2 REGs. Such bundle blocks are used as the input to an interleaver, which will distribute them across the frequency. 
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Figure 3:  Example of Time-first CCE-to-REG mapping with REG bundling
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Figure 4: Example of frequency-first CCE-to-REG mapping with REG bundling

To summarize, the following proposals could be considered

Proposals

· At least support 1 and 2 OFDM symbol as the time durations for a control channel search space (or time duration of a CORESET). 
· The NR control channel CCE-to-REG with REG bundling could take the following steps

1. The gNB configure the REG bundle size in terms of  (No. of PRBs x No. of symbols) and CCE-to-REG mapping directions (time first or frequency first)

2. The gNB forms REG bundles first following the configurations in logical CCE domain

3. If interleaving is supported

· The gNB could apply interleaving to REG bundles 

· The gNB would map interleaved REG bundles to physical resources

3. Conclusions
In this contribution, the general steps of CCE-to-REG mapping with REG bundlings are discussed and summarized in following proposals
Proposals
· At least support 1 and 2 OFDM symbol as the time durations for a control channel search space (or time duration of a CORESET). 

· The NR control channel CCE-to-REG with REG bundling could take the following steps

1. The gNB configure the REG bundle size in terms of  (No. of PRBs x No. of symbols) and CCE-to-REG mapping directions (time first or frequency first)

2. The gNB  forms REG bundles first following the configurations in logical CCE domain

3. If interleaving is supported

· The gNB could apply interleaving to REG bundles 

· The gNB would map interleaved REG bundles to physical resources
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