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1	Introduction
The Rel-16 Work Item (WI) on “Additional MTC enhancements for LTE” [1] has the following as one of its objectives: 

	The objective is to specify the following set of improvements for machine-type communications for BL/CE UEs.
[…]
Improved DL transmission efficiency and/or UE power consumption:
· [bookmark: _Hlk515907705][…]
· Specify MPDCCH performance improvement by using CRS at least for connected mode [RAN1, RAN2, RAN4]
· […]




The topic has been discussed at RAN1#94, RAN1#94bis and RAN1 #95.  The following agreements have been made:

· RAN1#94:
· Agreement
CRS for improving channel estimation on USS MPDCCH is supported
· Agreement
The relation between the MPDCCH DMRS and CRS is defined for enabling improved channel estimation. FFS the details on specifying the relation (e.g., whether the ‘definition’ means predefined in specification or done by signalling, relation between the CRS ports and DMRS ports, power offset between DMRS-CRS). 
· Agreement
eNB enables/disables “CRS for improving channel estimation on MPDCCH” via dedicated or broadcasted RRC signaling. FFS the details on the signaling.
· Agreement 
CRS for improving channel estimation on Type0-MPDCCH CSS MPDCCH is supported.

RAN1#94bis:
Agreement
CRS for improving channel estimation on MPDCCH in idle mode is supported. FFS the details.

Agreement 
For localized MPDCCH, the following mappings are supported between CRS and DMRS:
· Predefined mapping
· Mapping based on CSI report
FFS the details.

Agreement
For distributed MPDCCH, mapping between CRS and DMRS is defined in specifications. 
· FFS the details (e.g. number of PRBs over which mapping applies, fixed or configurable)

Agreement
Power offset between CRS and DMRS antenna ports of MPDCCH is signaled by eNB. FFS the signaling details (e.g. provisioning for default power offset value).

RAN1#95:
Agreement 
For distributed MPDCCH, predefined mapping between CRS ports and MPDCCH DMRS ports is supported.
Agreement 
For localized/distributed MPDCCH, the predefined mapping between CRS ports and MPDCCH ports is based on precoder cycling across time and frequency domain. FFS the details.
Agreement
Reuse existing LTE Rel-8 codebooks for precoding of MPDCCH is the starting point.
· Unless performance gains are idenfied further optimization on top of Rel-8 codebook will not be introduced
Agreement
For UE in Connected/Idle mode, the power offset between CRS and DMRS antenna ports of MPDCCH is indicated by SIB.
Agreement
· For UE in Idle mode, the configuration of CRS for MPDCCH performance improvement is indicated via SIB/SI. FFS the details of configuration.
· For UE in Connected mode, the configuration of CRS for MPDCCH performance improvement is indicated via UE-specific RRC signalling. FFS the details of configuration


In this contribution further discuss this work item objective.
[bookmark: _Ref178064866]2	Discussion
The contributions from different companies in RAN1#94, RAN1#94bis and RAN1#95 ,as summarized in [2], [3] and [4], have resulted in the agreements listed above. The basis for these agreements is to establish a relation between the MPDCCH DMRS and the CRS, known to both the network and the UE. Thereby, the reference signals can be combined in order to improve channel estimation performance and thus the demodulation performance. According to the agreements, the CRS is used for improving channel estimation in both idle and connected modes. All BL/CE UEs in connected mode are individually configured to monitor MPDCCH USS and Type0-MPDCCH CSS in one MPDCCH-PRB-set, where such a set uses either localized or distributed transmission. 
2.1	Joint CRS and DMRS channel estimation
We have made an assessment of the achievable performance gain by using both DMRS and CRS for channel estimation compared to using only DMRS. For that, we have estimated the channel separately based on CRS and then combined the obtained result with the channel estimation based on DMRS, considering the mapping between CRS ports and DMRS ports. Figure 1 and Figure 2 show examples of the BLER performance for localized and distributed MPDCCH, respectively. In these simulations, we have considered four transmitter antennas with 4 CRS ports, an MPDCCH-PRB-set with 4 PRBs using aggregation level 16, 128 subframe repetitions and ETU 1Hz channel model. In these examples, the mapping between CRS and DMRS ports is constant over the transmissions by using a fixed precoder corresponding to index 0 in LTE Rel-8 codebook. As can be seen from both figures, by using CRS in addition to DMRS, the BLER performance of MPDCCH improves for both localized and distributed transmission. At 1% BLER, the performance improves by ~2.5 dB for localized and by ~2 dB for distributed transmission. 
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[bookmark: _Ref525914526][bookmark: _Ref942259]Figure 1. BLER performance of localized MPDCCH, considering channel estimation based on DMRS and CRS
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[bookmark: _Ref942265]Figure 2  BLER performance of distributed MPDCCH, considering channel estimation based on DMRS and CRS


2.2	Precoder selection
For distributed transmission, two DMRS ports are used, and the RE mapping is done such that the MPDCCH resource elements are mapped to the DMRS ports in an alternating fashion. This provides TX diversity and, as a consequence, the actually used precoder is typically less crucial than that of the localized transmission. 
For localized transmission, only one DMRS port is used, but when the eNB has multiple transmit antennas, the transmission can be precoded such that beamforming towards the UE can be achieved. Thus, localized transmission has a possibility to provide better performance if an optimal precoder can be determined, whereas distributed transmission typically is more robust due to the TX diversity. The eNB could, for example, use a precoder based on the PMI given by CSI reports from the UE. This is in line with the agreement made at RAN1#94bis. However, a BL/CE UE can be configured to provide CSI reports only when configured in CE Mode A. 
Another approach, available for distributed and localized transmission in both CE modes, is to employ some precoder cycling across time and frequency, which would then provide TX diversity. This is in line with the agreements of RAN1 #96. This cycling can be employed over the full codebook defined in LTE Rel-8 whose precoders assigned with indices 0 to 15. Figure 3 shows the PRB pairs within a frame and an example of employed precoder cycling over precoders of Rel-8 codebook for the case of four CRS ports, considering precoder updating time and frequency granularity are equal to one.
[image: ]
[bookmark: _Ref943706]Figure 3.  Precoder cycling employed over PRB pairs within a frame
The precoder cycling can also be employed over a subset of the codebook. However, it is important to select a subset of precoders that can span the space of the channel matrix well. For example, for the case of four transmit antennas, the size of the considered subset should at least be four because it is the minimum number of precoders, required for localized transmission to excite all four dimensions. Figure 4 to Figure 7 present the BLER performance of localized and distributed MPDCCH by considering precoder cycling over different subsets of the codebook. The precoders of these subsets are represented by the corresponding codebook indices which have been selected such that they span the space of channel matrix. In Figure 4 and Figure 6, we have used fading channel model ETU 1Hz, and in Figure 5 and Figure 7, we have used fading channel model EPA 5Hz. Similar to the simulations above, transmitter antennas with 4 CRS ports, aggregation level 16 and 128 subframe repetitions have been used. For these particular simulations, we have also used the ideal channel estimator for the purpose of evaluating the precoder selection rather than the joint channel estimation performance. As can be seen from the figures, by using a subset of the codebook that can span the space of the channel matrix, the performance is approximately the same as when the full codebook is used. However, it may be beneficial to use the precoder subsets whose elements of the precoder matrices are real and antipodal. Such real and antipodal structure is more suitable for implementations and less computationally intensive in comparison to the matrices with imaginary elements. For the case of four transmission antennas with four CRS ports, our simulation results for different channel models suggest that the precoder set defined by codebook indices 12, 13, 14, and 15, besides satisfying the above-mentioned condition, leads to the BLER performance close to that of any other selection. 
[bookmark: _Toc1169970]By using a subset of the codebook that can span the space of the channel matrix, the performance is close to when using a full codebook.
[bookmark: _Toc1169971]For the case of transmitting MPDCCH packet with four Tx antenna and four CRS ports, the subset of Rel-8 codebook precoders defined by indices 12, 13, 14, and 15, shows BLER performance fairly close to that of the best. 
Since precoder cycling using a subset of four precoders for four TX antennas taken from the Rel-8 LTE codebook appears to perform well, and also provides some reduction in implementation complexity, we suggest that this is used, at least as a default precoder configuration that may be defined explicitly in the specification. However, in order to introduce some more flexibility, one may consider introducing a possibility to configure an alternative set of precoders to use for precoder cycling. This alternative set would typically also be taken from the LTE codebook, but could in principle include also other precoders. Scenarios where such alternatives could provide better results than the default one may include, for example, particular antenna configurations. However, having a default configuration that works for a majority of deployment scenarios reduces the amount of signaling needed. This default configuration can be used for both transmission modes, for all search spaces, both in connected and idle mode. 
 
[bookmark: _Toc1120690][bookmark: _Toc1169972]A subset of LTE Rel-8 codebook is selected as a default set of four precoder indices to use for precoding cycling.
[bookmark: _Toc1120691][bookmark: _Toc1169973]RAN1 to consider whether it is beneficial to have a possibility to use alternative precoder set(s) by (re)configuration.
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[bookmark: _Ref1059567]Figure 4.  BLER performance of localized MPDCCH for precoder cycling over different subsets of Rel-8 codebook, channel model ETU-1
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[bookmark: _Ref1059715]Figure 5.  BLER performance of localized MPDCCH for precoder cycling over different subsets of Rel-8 codebook, channel model EPA-5
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[bookmark: _Ref1059661]Figure 6.  BLER performance of distributed MPDCCH for precoder cycling over different subsets of Rel-8 codebook, channel model ETU-1
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[bookmark: _Ref1059576]Figure 7.  BLER performance of distributed MPDCCH for precoder cycling over different subsets of Rel-8 codebook, channel model EPA-5
 

2.3	Precoder cycling details
In this section we discuss details on the precoder cycling, and more specifically for which PRB pairs a precoder is valid.
In the time domain, the precoder must be constant for at least as long as is expected by a legacy LTE-M UE, which is determined by the Layer 1 parameter  which is also used to indicate frequency hopping timing. In order to obtain as much spatial diversity, we propose that the time granularity for precoder cycling is chosen as this minimum time. 
In the frequency domain, a legacy LTE-M UE cannot make any assumption on how often the precoder is changed, which may then be for every single PRB. In order to improve channel estimation performance, some companies proposed to use PRB bundling for MPDCCH already in Rel-13, which could be considered also for Rel-16. However, since the actually used precoder will now be specified for precoder cycling, it will be possible to combine DMRS channel estimation also if the precoder varies between adjacent PRBs. Therefore, we suggest that the precoder is updated every PRB in frequency domain when precoder cycling is used in order to improve the spatial diversity. We therefore make the following proposal:

[bookmark: _Toc1120692][bookmark: _Toc1169974]When precoder cycling for MPDCCH is deployed, the precoders are cycled first in frequency in the configured MPDCCH-PRB-set, updated every PRB, then in time, updated at a subframe rate assumed by Rel-13 LTE-M UEs.

The above proposal defines a useful default principle for precoder cycling. However, it also has some possible limitations. Figure 6 shows an example for the precoder cycling employed in which the number of the PRBs and the length of the precoder cycling set are both equal to four. As it can be seen from the figure, the precoder is changing across the frequency but it is constant across the time domain. This phenomenon that happens in all cases in which the length of the precoder cycling is an integer multiple of number of the PRBs (or vice versa) can limit the achievable TX diversity. 
[image: ]
Figure 6. An example of precoder cycling employed over PRB pairs within a frame
In [5], it was suggested to update the codebook order per X consecutive subframes. In particular, they suggested that the initial codebook order can be set from codebook index 0 to N-1 increasingly, and then after X consecutive subframes, the updated codebook order can be obtained by cyclic shift of the initial order. This method of updating the order of the precoder codebook can be used to overcome the above mentioned limitation. However, this method can also limit the spatial diversity as it does not consider updating of the codebook order after transmission of each MPDCCH packets. As an example, for the case of missing an MPDCCH packet, by updating the order and pattern of the used precoders for the retransmission, the network can avoid using the same set of precoders which is used for the missed packet. This would be particularly critical if only the MPDCCH is transmitted in a single subframe and in one or a few PRBs. Therefore, it is advantageous to assign the order and pattern of the used precoder such that it is updated for also each MPDCCH packet. 

[bookmark: _Toc1120693][bookmark: _Toc1169975][bookmark: _Hlk947028]The assigned order and pattern of the used precoder shall be changed after a given number of repetitions within an MPDCCH packet, and between every MPDCCH packet.

Similar to the codebook selection, we propose that the above principle is used for both transmission modes, for all search spaces, and both in idle and connected mode.

3	Conclusion
This contribution has discussed how to improve MPDCCH performance by using CRS. We have made the following observations:
 
Observation 1	By using a subset of the codebook that can span the space of the channel matrix, the performance is close to when using a full codebook.
Observation 2	For the case of transmitting MPDCCH packet with four Tx antenna and four CRS ports, the subset of Rel-8 codebook precoders defined by indices 12, 13, 14, and 15, shows BLER performance fairly close to that of the best.


Based on these observations and the discussion in the previous sections we propose the following:
Proposal 1	A subset of LTE Rel-8 codebook is selected as a default set of four precoder indices to use for precoding cycling.
Proposal 2	RAN1 to consider whether it is beneficial to have a possibility to use alternative precoder set(s) by (re)configuration.
Proposal 3	When precoder cycling for MPDCCH is deployed, the precoders are cycled first in frequency in the configured MPDCCH-PRB-set, updated every PRB, then in time, updated at a subframe rate assumed by Rel-13 LTE-M UEs.
Proposal 4	The assigned order and pattern of the used precoder shall be changed after a given number of repetitions within an MPDCCH packet, and between every MPDCCH packet.
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