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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.

[…]

Stand-alone deployment:
· Enable the use of LTE control channel region for DL transmission (MPDCCH/PDSCH) to BL/CE UEs [RAN1, RAN2, RAN4]
· This deployment mode should support legacy operation for legacy BL/CE UEs.
 



The topic was discussed at RAN1#94 and RAN1#94bis. The following agreements were made:RAN1#94:
Agreement
FFS whether and for what broadcast transmission (e.g. SIBs, paging, SC-PTM, Msg2, etc) use of LTE control channel region for MPDCCH and PDSCH are applied 

Agreement
The following options can be considered for transmission of MPDCCH and PDSCH in LTE control channel region:
For MPDCCH
· Option 1: All or part of the MPDCCH are mapped into the DL control region.
· Option 2: MPDCCH are rate-matched to all OFDM symbols. FFS on RE mapping details.
For PDSCH
· Option A: All or part of the PDSCH are mapped into the DL control region.
Option B: PDSCH are rate-matched to all OFDM symbols. FFS on RE mapping details.


RAN1#94bis:

Agreement 
Support PDSCH broadcast transmission in LTE control channel region
Agreement
PDSCH are rate-matched in a backward compatible manner on all available OFDM symbols. FFS on RE mapping details.



In this contribution we further discuss this work item objective. 
[bookmark: _Ref178064866]2	Discussion
One of the differences in a stand-alone LTE-MTC deployment compared to LTE-MTC deployed within a Rel-13/14/15 LTE carrier is that the LTE control region is no longer occupied by legacy Rel-8 LTE channels but can be used for the channels relevant for LTE-MTC. Specifically, the WI objective as it is currently formulated targets MPDCCH/PDSCH transmission in the LTE control channel region. Several contributions in RAN1#94 and RAN1#94bis discussed various options on how this can be realized, and the contributions are summarized in [2] and [3]. One of the open issues relates to the support of broadcast transmissions in the LTE control region, and another relates to how the MPDCCH and PDSCH transmissions are expanded. This is discussed in more detail below.
2.1	Unicast and broadcast transmissions
Supporting the expansion into the LTE control region for Rel-16 UEs for unicast transmission can be expected to be fairly straightforward, even if there are several options for how this is done in detail, as will be discussed in the next section. There is a side condition in the work item description that the new deployment mode should support legacy operation for legacy BL/CE UEs, which may, for example, be achieved by having different mappings in each subframe depending on whether a legacy or a Rel-16 UE is addressed. It has also been proposed, e.g. in [4], that the use of the LTE control channel region for DL transmission is configurable. For unicast transmissions, this can be done per cell using system information, or per UE using dedicated RRC configuration. 
Broadcast transmission would put more constraints on how the expansion into the LTE control region is made, but it is possible to achieve backwards compatibility, as discussed below. Whether the LTE control region is used should then be signaled in system information. To allow a UE to benefit from an expanded PDSCH already for the first SIB1-BR transmission, this signaling should take place in the MIB using one of the spare bits. Similarly, for use with first transmission of other SI messages, the signaling should take place in the MIB or in SIB1-BR. However, for subsequent SIB1-BR and SI acquisitions, it may be sufficient if the configuration is located in one of the later SI messages. This is, however, up to RAN2 to decide.
It was agreed in RAN1#94bis to use the LTE control channel region for PDSCH broadcast messages. Even if these messages have to be designed considering also Rel-13/14/15 UEs, it may still be beneficial for Rel-16 UEs to reduce the acquisition time for system information, and to improve detection time/performance for paging, RAR, and multicast (i.e., SC-PTM) messages. We propose that it will additionally be possible to configure the LTE control channel region to be used also for MPDCCH broadcast transmissions for paging, random access and multicast. Similar to the agreement already made for PDSCH, this requires that the mapping of these broadcast MPDCCH messages is done in a backwards compatible way, such that they can be decoded by both Rel-16 and legacy devices.  
[bookmark: _Toc528934062]The network can configure the use of LTE control channel region for both unicast and broadcast transmission for MPDCCH in addition to PDSCH. 

2.2	Expansion of MPDCCH and PDSCH into LTE control region
The agreement in RAN1#94 related to how the expansion into the LTE control region is done lists two different options, applicable both for MPDCCH and PDSCH. The first option is to map all or parts of the legacy MPDCCH/PDSCH transmission into the control region, in effect copying selected resource elements. The side condition that the new deployment mode should support legacy operation for legacy BL/CE UEs would be automatically fulfilled with this option. Rel-15 UEs use the legacy MPDCCH/PDSCH RE mapping, and Rel-16 UEs may additionally use the REs in the LTE control region to improve the demodulation performance. 
The second option is to make a new rate matching where all available REs in all OFDM symbols are considered. Compared to the first option, the backwards compatibility with legacy BL/CE UEs is not as straightforward and needs to be carefully considered. 
· For PDSCH, it is desired that the legacy and Rel-16 UEs can use the same mapping of REs, at least for broadcast transmissions.
· For MPDCCH, it is desired that the legacy and Rel-16 UEs can use the same mapping of REs into ECCEs for the legacy MPDCCH region. This holds at least for broadcast transmissions and for the case when MPDCCH transmissions to legacy and Rel-16 UEs are multiplexed in the same PRBs. Not allowing legacy and Rel-16 UEs to be scheduled in the same subframe puts an unnecessary restriction on the eNB scheduler flexibility. 
Whereas backwards compatibility is automatically fulfilled for the first option above, it may also be fulfilled for the second option by careful RE mapping. This comes from the fact that both MPDCCH and PDSCH employ rate matching by using a circular buffer of the encoded data, and sequentially filling the applicable resource elements from the start symbol of the MPDCCH/PDSCH region in a frequency-first order. This means that it is possible to start by using the legacy RE mapping for MPDCCH and PDSCH, and then wrap around and fill the appropriate resource elements in the LTE control region, starting with symbol zero. A similar observation was also made in [5]. For PDSCH, this would typically apply to all resource elements in the LTE control region except for the ones reserved for CRS. For MPDCCH, it would typically apply to the resource elements used for any ECCE addressing Rel-16 UEs. It can be noted that the current ECCE and EREG definitions include the resource elements in all OFDM symbols, also the ones in the LTE control region. It is therefore possible to make the OFDM symbol wrap-around from symbol 13 to symbol 0 in every subframe without any ambiguities or need for major standardization changes. It can also be noted that there is no complexity increase associated with having a rate matching based on wrap-around as described above compared to making some mapping based on copying OFDM symbols or some other selection of resource elements. Regardless of what mapping is used, the transmitter will have to perform the whole coding chain. Similarly, a receiver will have to allocate the same size of the soft buffer, and populate it with different received soft bits depending on the mapping method. In neither case does the selection of which bits to use have any significant impact on complexity. 

[bookmark: _Toc528934056]The stipulated backwards compatibility can be achieved both if parts of the legacy MPDCCH/PDSCH transmissions are mapped to the LTE control region and if MPDCCH/PDSCH transmissions are rate matched to all OFDM symbols.

2.3	Evaluation results
In this section, we make an initial comparison between the two options in the agreements. For that, we have considered the encoding of DCI/data packets and transmission of the corresponding coded bits over the AWGN channel. Then, we have obtained the BLER performance of MPDCCH and PDSCH, respectively.
2.3.1	MPDCCH
MPDCCH performance was evaluated by first attaching 16 bits of CRC to a DCI packet of length K. The resulting sequence was encoded by the LTE TBCC encoder. The coded bits were rate-matched to the number of bits available for MPDCCH transmission, considering that the RE elements belonging to CRSs are excluded.
We consider three scenarios:
· The coded bits are rate-matched to legacy MPDCCH region. The results are shown for the cases where the legacy MPDCCH regions are mapped to 11, 12, or 13 OFDM symbols.
· The coded bits were rate-matched to legacy MPDCCH region. Then, we copied as many bits as the number of the bits available for the legacy control region from the start of the coded sequence and mapped them to the legacy control region (option 1 in the agreement). 
· The coded bits are rate-matched to all 14 OFDM symbols (option 2 in the agreement).

Figure 1 compares the BLER performance of MPDCCH for the three mentioned scenarios, considering K=29 + 16 bits CRC, aggregation level one, and QPSK modulation. This corresponds to a typical DCI size for DCI format 6-1A and represents a code rate close to the highest one expected for MPDCCH. As can be seen from the figure, both options suggested in the agreement improve the BLER performance of MPDCCH. However, this improvement is more significant for rate-matching MPDCCH to all 14 OFDM symbols. For a typical stand-alone deployment, one may expect that the natural choice would be to configure the LTE control region to be as small as possible. The figure then indicates only a minor difference of around ~0.1 dB between rate matching to all 14 symbols and using the legacy 13 symbols + 1 copied symbol. 
[image: ]
Figure 1: Block error rate performance, MPDCCH, K=29, aggregation level one
Figure 2 shows the BLER performance of MPDCCH, for K=29, aggregation level two, and QPSK modulation. As shown in the figure, the BLER performance also improves in this case. However, with aggregation level two, the whole rate matching buffer with all encoded bits is already used when mapping to the resource elements, also for 11 symbols for the legacy MPDCCH region. Therefore, this improvement is less considerable than that of aggregation level one, as the overall code rate is smaller, and there is much less difference between all scenarios using in total 14 symbols.
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Figure 2: Block error rate performance, MPDCCH, K=29, aggregation level two
[bookmark: _Toc528934057]Both two options considered in the agreement improve the BLER performance of MPDCCH for AWGN. 
[bookmark: _Toc528934058]Rate-matching MPDCCH to all 14 OFDM symbols has the best performance, but for the assumed most common case with one-symbol LTE control region, or for higher aggregation levels, the difference in performance is similar.   

It remains to be seen if the conclusions based on the AWGN channel above translates into similar performance difference also under fading channel conditions. 
2.3.2	PDSCH
A similar assessment as for MPDCCH was made for PDSCH. First, 24 bits of CRC are attached to the data block of length K (in total one TB); then, the resulting sequence is encoded by the LTE turbo encoder. The coded bits are rate-matched to the number of bits available for PDSCH transmission. 
Similar to MPDCCH, we consider three following scenarios.
· The coded bits are rate-matched to legacy PDSCH region. The results are shown for the cases where the legacy PDSCH regions are mapped to 11, 12, or 13 OFDM symbols.
· The coded bits are rate-matched to legacy PDSCH region, and the first part of the coded sequence is also mapped to the legacy control region (option A in the agreement). 
· The coded bits are rate-matched to all 14 OFDM symbols (option B in the agreement).

Figure 3 shows the BLER performance of PDSCH. We have considered that K=256, PDSCH is modulated with 16QAM and mapped to one PRB, which corresponds to the highest code rate for employing 16QAM. As shown in the figure, similar to MPDCCH, the BLER performance improves for both options suggested in the agreement, and it is more considerable for rate-matching the coded bits to all 14 OFDM symbols. The difference between rate matching over 14 symbols and copying 1 symbol is slightly larger than for MPDCCH, in the order of ~0.2 dB.
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Figure 3: Block error rate performance, PDSCH, K=256, one PRB, 16QAM
Support for 64QAM modulation was introduced in Rel-15, where even higher code rates are possible. Figure 4 shows the BLER performance assuming K=712, PDSCH modulated with 64QAM and mapped to one PRB. Using only 11 symbols, the code rate is close to 1, which explains the large difference between the different sizes of the LTE control region. There is also rather small performance gain to be achieved when copying symbols, whereas the gain of rate-matching to all 14 symbols is ~0.4 dB compared to using 13 symbols, with or without copying. 
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Figure 4: Block error rate performance, PDSCH, K=712, one PRB, 64QAM
[bookmark: _Hlk525821211][bookmark: _Hlk525821128]Figure 5 shows the BLER performance of PDSCH, for K=136, and QPSK modulation. From the figure, we can see that the BLER performance also improves in this case. However, as the overall code rate is smaller than that of the two other considered cases, here the improvement of BLER performance is less noticeable.  It is also worth to mention that for this particular case, the length of the encoded sequence is almost equal to the number of bits available for 11 symbols for the legacy MPDCCH. Therefore, rate-matching the coded bits to all 14 OFDM symbols is nearly equivalent to mapping the whole rate matching buffer – with all encoded bits – to the legacy MPDCCH transmission with 11 OFDM symbols and copying part of the coded sequence in the legacy control region. 
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[bookmark: _Hlk525821270]Figure 5: Block error rate performance, PDSCH, K=136, one PRB, 16QAM
[bookmark: _Toc528934059]Both two options considered in the agreement improve the BLER performance of PDSCH for AWGN. 
[bookmark: _Toc528934060]For high code rates, rate-matching PDSCH to all 14 OFDM symbols shows better performance than copying bits into the LTE control region. For low-to-moderate code rates, the performance is similar.

As for MPDCCH, it remains to be seen if the conclusions based on the AWGN channel above translates into similar performance difference also under fading channel conditions. 
2.3.3	Evaluation summary
The main conclusions to be drawn from the AWGN evaluations above are similar for both MPDCCH and PDSCH. Rate matching to all 14 OFDM symbols always shows better performance than copying bits into the LTE control region. The difference is small and probably negligible for low-to-moderate code rates, whereas it is considerable for the high code rates. This is tightly related to how many of the parity bits are already used in the legacy MPDCCH/PDSCH transmission. 

For MPDCCH it appears that there is a significant difference only when using aggregation level one, which is not considered to be the typical case. For repetitions in multiple subframes, the MPDCCH rate matching procedure selects the same bits in subsequent subframes and therefore the conclusions above would still hold. For PDSCH, on the other hand, different redundancy versions are (typically) used between subframes, and therefore the difference between the options can be expected to be smaller, also for higher code rates. 
Since full rate matching appears to have better overall performance, is backwards compatible, and does not imply any increased complexity, it may be considered to be the preferred option. It is futhermore reasonble to select the same mapping principle for both channels.
[bookmark: _Toc528934063]MPDCCH and PDSCH are rate matched to all OFDM symbols by first using legacy RE mapping and subsequently wrapping around and filling the appropriate resource elements in the LTE control region starting with symbol zero. 

2.4	Further configuration aspects
It is reasonable to assume that the default behavior in a pure stand-alone deployment would be to configure the Rel-13/14/15 start symbol for MPDCCH and PDSCH to the minimum value (i.e., 1 or 2), and use the LTE control region for additional repetitions as outlined above. This way, the usage of the physical resources is maximized both for legacy Rel-13/14/15 UEs and Rel-16 UEs, and both for MPDCCH and PDSCH. However, it is also possible to consider other deployment scenarios that might benefit from other (semi-static) configurations, or even more dynamic use of the LTE control region. In this way, the LTE-MTC operation can be more flexible in terms of coexistence with other communications standards, such as NR or ordinary LTE. For example, the allocation of the initial CORESET associated with the NR Type0-PDCCH search space occurs in a regular pattern depending on the configuration in NR. In cases where this CORESET is located within a time/frequency window corresponding to the LTE control region, it may be beneficial if an embedded LTE-M carrier would avoid using the LTE control region in a corresponding pattern. If the network does not extend the MPDCCH/PDSCH transmissions according to this pattern, it may also be beneficial for a Rel-16 UE to be notified on this pattern in order not to degrade the MPDCCH/PDSCH demodulation performance. 
[bookmark: _Hlk528933210]The above example serves only as an illustration of a potential scenario in which it may be useful for a stand-alone LTE-M system to have a flexibility with respect to when the LTE control region is used for MPDCCH/PDSCH transmissions. The details of the content and provision of the necessary information is for further study. 
[bookmark: _Toc347823812][bookmark: _Toc347823993][bookmark: _Toc347824244][bookmark: _Toc521675886][bookmark: _Toc528934061]It may be beneficial to introduce some flexibility with respect to when the UE can expect MPDCCH/PDSCH to be mapped to the LTE control region in order to facilitate coexistence when embedding an LTE-M stand-alone carrier in another RAT.

3	Conclusion
This contribution has discussed the use of the LTE control channel region for DL transmission in LTE-MTC. We made the following observations: 
Observation 1	The stipulated backwards compatibility can be achieved both if parts of the legacy MPDCCH/PDSCH transmissions are mapped to the LTE control region and if MPDCCH/PDSCH transmissions are rate matched to all OFDM symbols.
Observation 2	Both two options considered in the agreement improve the BLER performance of MPDCCH for AWGN.
Observation 3	At least for a one-symbol LTE control region or for higher aggregation levels, rate-matching MPDCCH to all 14 OFDM symbols shows similar performance as copying bits into the LTE control region for AWGN.
Observation 4	Both two options considered in the agreement improve the BLER performance of PDSCH for AWGN.
Observation 5	For high code rates, rate-matching PDSCH to all 14 OFDM symbols shows better performance than copying bits into the LTE control region for AWGN. For low-to-moderate code rates, the performance is similar.
Observation 6	It may be beneficial to a introduce some flexibility with respect to when the UE can expect MPDCCH/PDSCH to be mapped to the LTE control region in order to facilitate coexistence when embedding an LTE-M stand-alone carrier in another RAT.
Based on these observations and the discussion in the paper we propose the following:
Proposal 1	The network can configure the use of LTE control channel region for both unicast and broadcast transmission for MPDCCH in addition to PDSCH.
Proposal 2	MPDCCH and PDSCH are rate matched to all OFDM symbols by first using legacy RE mapping and subsequently wrapping around and filling the appropriate resource elements in the LTE control region starting with symbol zero.
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