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1 Introduction
An offline discussion summary was presented in the last meeting on the frequency scheduling issue for low cost MTC UEs [1], and the following options were identified,

Common channels

· Option 1: PDCCH with same sub-frame scheduling.

· Option 2: Semi-static PRB location or predefined PRB locations, with PDCCH within same subframe to indicate exact resource allocation. 

· Option 3: PDCCH cross-subframe scheduling for common channels

Unicast transmissions

Option 1: Semi-static PRB location

Option 2: Dynamic PRB location:

· A) PDCCH same subframe scheduling or 

· B) (E)PDCCH cross subframe scheduling.

Email discussion [76-11] examined each of options with the summary in [2]. This contribution further evaluates these options in terms of cost savings, scheduling flexibility, eNB/UE complexity, etc.  
2 Common channels 

There is a concern about cross-subframe scheduling for common channels, as eNB may schedule common channels for both low cost UEs and normal UEs together, but legacy normal UEs could only use self-subframe scheduling. There are some options discussed as following to resolve this issue:
2.1 PDSCH within the entire bandwidth scheduled by PDCCH in the same sub-frame
It was mentioned during the offline discussion in the last meeting that self-subframe scheduling for common channels is possible because decoding the PDCCH CSS may be faster than decoding the USS or could be made faster by reducing the CSS blind decoding trials. However, due to the interleaving and mapping steps for the REGs, the REGs associated with CSS are not located contiguously in either time or frequency. UEs would have to buffer all the OFDM symbols before decoding. Although only aggregation levels of 4 and 8 are used for common channels or if the blind decoding trials could be further reduced, it is still not justified that CSS decoding is fast enough to be completed within a slot. 
Furthermore, UEs typically have to process the PCFICH first to determine the size of control region. Hence, it is not feasible to schedule the PDSCH of common channels within the entire bandwidth by PDCCH in the same subframe. 

2.2 PDSCH PRB location(s) within a limited number semi-static or predefined PRBs
2.2.1 SIB1

a) Indicated by MIB or pre-defined in the standard
As for SIB1, it is scheduled requiring at most 6PRBs to ensure low cost UEs could receive it. Alternatively, some occasions are specified on which SIB1 is restricted within 6PRBs as illustrated in Fig. 1, but the other occasions on which SIB1 could be scheduled to exceed 6PRBs if needed for normal UEs. The latter is preferred as normal UEs capable of handling the entire carrier bandwidth data transmissions would be penalized if all SIB1 transmissions are scheduled within 6PRBs. In addition, the frequency location for the restricted SIB1 transmission under 6PRBs on the specified occasions could be predefined as well. As a result, low cost UEs would only buffer the specific PRBs on the predefined occasions and then try decoding. For example, the occasions and the frequency locations for the restricted SIB1 transmissions could be derived from the rules stated in the specifications and the parameters implicitly indicated from the contents of the PBCH. 
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Fig. 1: Illustration for the restricted SIB1 transmissions on the predefined occasions

b) UEs assume PRB locations based on the previous DCI to assign the previous SIB1
Alternatively, when decoding SIB1, low cost UEs assume PRB locations based on the previous DCI to assign the previous SIB1. Specifically in Fig. 2, normal UEs would decode the SIB1_0 in sf #5 of RF #0 according to the DCI_0 in the same subframe. For low cost UEs, when trying to decode SIB1_2 in sf #5 of RF #2, the scheduling information for the PRB location is assumed to be indicated by the DCI_0 conveyed on PDCCH in sf #5 of RF #0. 
Once the low cost UEs decodes DCI_0 successfully and if the indicated number of PRBs is less than 6, UEs would buffer those PRBs indicated by DCI_0. Otherwise, UEs would try to decode DCI_2 to obtain the frequency location of SIB1_4. 
After UEs successfully buffers the indicated PRBs of SIB1_2 in sf #5 of RF #2, 
· If all scheduling information associated with SIB1 is conveyed in DCI_0, UEs would directly decode SIB1_2. Hence, the scheduling for SIB1 in different subframes within the periodicity would be exactly the same if the scheduling is always based on the previous DCI to assign the previous SIB1. Scheduling flexibility and impact on normal UEs are envisioned. 
· If scheduling information (e.g., MCS) other than the PRBs allocation is included in DCI_2, UEs would try to decode DCI_2 before decoding SIB1_2. Hence, for low cost UEs decoding SIB1, blind decoding trials are twice as many as normal UEs due to decoding two DCIs.
In addition, the failure rate is higher when eNB scheduling SIB1 is not in accordance with the assumption for UEs that the PRB location is based on the previous DCI to assign the previous SIB1, which will cause more decoding trials. Overall, this approach would cause more UE power consumption. 
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Fig. 2: Illustration for low cost UEs decoding SIB1 by the previous DCI indicating the frequency location
2.2.2 SIBs excluding SIB1
Other SIBs than SIB1 are transmitted in certain subframes within a SI-window but those subframes are not fixed. For these SIBs, the option that UE assumes PRB locations based on the previous DCI to assign the SIB within the same or a previous SI-window is not feasible. 
Using the same SI-window as an example as illustrated in Fig. 3, normal UEs could try to decode DCI and the scheduled SIBs each subframe, but low cost UEs would try to decode DCI in subframe #0 within the SI-window #n and the scheduled SIBs if it is scheduled in subframe #3 if defining the interval between them is 2 subframes. Therefore, SIBs will be transmitted in subframe #3, although eNB may not need to transmit it if only considering normal UEs. Furthermore, low cost UEs would try to decode two DCIs if the previous DCI only indicates the frequency location of SIBs, which is disadvantageous for UE power consumption. 
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Fig. 3: Illustration for low cost UEs decoding other SIBs by the previous DCI indicating the frequency location
Alternatively, scheduling information about the frequency locations for other SIBs could be included in SIB1 in addition to the occasions on which the SIBs transmission could be restricted within 6PRBs. Low cost UEs could try to decode SIBs on the occasions based on the assumption of the frequency locations indicated in SIB1, rather than trying decoding in each subframe within a SI-window. Normal UEs would decode SIBs as the legacy procedure, and the transmissions in the subframes that are not defined as the occasions could be scheduled as normal UEs expect, so that the impact on normal UEs could be minimized.

2.2.3 Paging and RAR
As for paging, if the eNB could differentiate normal UEs and low cost UEs from the paging messages issued by the core network, then pages for low cost UEs could be aggregated and scheduled in a predefined specific narrowband with the maximum 6PRBs so that the impact on normal UEs is minimized. Otherwise, all paging transmissions need to be scheduled with the maximum of 6PRBs, and the frequency location for paging transmissions needs to be predefined to ensure low cost UEs do not buffer the entire bandwidth. It is preferable to indicate the predefined frequency locations in SIBs, e.g., SIB2.
Similarly for RAR, if normal UEs and low cost UEs could be differentiated by eNB from preamble grouping, all RARs corresponding to the preambles from low cost UEs could be scheduled within a predefined frequency location with the maximum 6PRBs. Otherwise, RARs scheduling for whichever UEs would be restricted within the predefined specific narrowband. The frequency locations for the specific narrowband are preferable to be indicated in SIBs, e.g., SIB2.
2.3 Duplicate PDCCH and/or PDSCH

If it is possible for eNB to know whether a UE is bandwidth limited for paging and random access response, one solution can use PDCCHs scrambled by specific RNTIs (e.g., mSI-RNTI, mP-RNTI, or mRAR-RNTI) to schedule the specific PDSCHs for low cost UEs in the subframes following the PDCCH.
If it is not possible to differentiate normal UEs and low cost UEs, they would share the same PDSCH transmission of SIBs, paging, or RAR that is scheduled to occupy at most 6 PRBs. Two PDCCHs scrambled by different cell common RNTIs schedule the shared PDSCH. One PDCCH is in the same subframe as the PDSCH for normal UEs, and the other PDCCH is in the previous sub-frame for low cost UEs. Alternatively, low cost UEs and normal UEs could share the same PDCCH which could schedule two PDSCHs. One PDSCH is in the same subframe as the PDCCH for normal UEs, and the other PDSCH is in the sub-frame following PDCCH for low cost UEs. 
Overall, duplicate PDCCH and/or PDSCH may cause degradation in spectral efficiency. However, the impact on specifications and performance of normal UEs is relatively less compared to other proposals. 

Proposal 1: Duplicate PDCCH and/or PDSCH could be considered for common channels for the sake of few specification efforts. 
2.4 The system bandwidth is split into a 6 PRB band and the remaining part
A dedicated narrowband could be split from the entire carrier bandwidth and used for low cost UEs communications. Both common channels and unicast transmissions occur on the dedicated narrowband. To avoid duplicate PBCH, PSS/SSS, the narrowband is expected to be located in the carrier center. Hence, all common channels if normal UEs and low cost UEs sharing the same would be located in the carrier center. Scheduling inflexibility and impact on normal UEs are envisioned and undesired. 
Overall based on the analysis as above, if concerns focus on the spectral efficiency with regard to the duplicate PDCCH and/or PDSCH for common channels rather than impact on specifications, predefining or semi-statically configuring the frequency locations could be considered. With regard to different common channels, the following proposals are presented. 

Proposal 2: Predefining or semi-statically configuring the frequency locations for common channels could be considered if concerns focus on the spectral efficiency rather than impact on specifications. Specifically, 

· For SIB1, the occasions and the frequency locations for the restricted SIB1 transmissions on the occasions could be derived from the rules stated in the specifications and the parameters indicated from the PBCH;
· For SIBs excluding SIB1, the occasions and the frequency locations for the restricted SIBs transmissions on the occasions could be indicated in SIB1;
· For paging and RAR, the frequency locations could be indicated in SIBs, e.g., SIB2.
3 Unicast transmissions
Similarly to common channels, the frequency locations for unicast transmission could be indicated by several ways as well as following:

3.1 PDSCH within the entire bandwidth scheduled by (e)PDCCH in the same subframe
As mentioned as above, UEs have to decode PCFICH first and buffer all the OFDM symbols indicated by CFI before decoding PDCCH. It is not justified that UEs could obtain DCI before determining which PRBs for PDSCH UEs need to buffer. Hence, UEs must buffer the entire bandwidth of downlink transmissions in order to support dynamically scheduled PDSCH for unicast within the entire carrier by (E)PDCCH in the same subframe. This would lose the cost savings achieved from the bandwidth reduction.
Cost savings for different techniques or combinations have been discussed in the study item and the agreed values from various sourcing are captured in the TR [3] as well as the performance impact. Some entries from the TR are summarized in Table 1. It is observed that extra 8% cost savings could be obtained by introducing bandwidth reduction on top of 42% cost savings from peak rate reduction and single receive RF without cell coverage degradation. 

Table 1: Summary cost and performance (coverage/spectral efficiency) impacts of techniques for cost reduction
	Techniques targeting low cost UEs
	Average degradation to cell coverage
	Average overall UE cost reduction gains

	Reduced BW for only data and only in baseband. No BW reduction for UL. 

DL-3/UL-2 BW Reduction

(1.4 MHz)
	None
	~19%

	Peak Rate reduction (TBS 1000 bits)
	None
	10.5%-21%

	Single receive RF
	4dB
	24%-29%

	Half Duplex FDD (HD-FDD)
	None
	7%-10%

	Peak Rate reduction (TBS) + Single receive RF
	Same as for Single receive RF (4dB)
	42%

	Peak Rate reduction (TBS) + DL-3/UL-2 BW Reduction + Single receive RF
	Same as for Single receive RF

(4 dB)
	50%


Cost savings could be obtained by semi-statically configuring the narrowband, dynamically scheduling by cross-subframe in the entire carrier bandwidth, or splitting a dedicated narrowband for low cost UEs. 
3.2 PDSCH location(s) within a limited number of semi-static PRBs

One or more sets of semi-static PRB location(s) could be predefined in the specifications or indicated by the SIBs. Further, which set of PRBs is used could be linked to UE ID or semi-statically changed by SIBs indications or other signaling conveyed by RAR, MSG4 or later messages. 

More than one set may segment the entire carrier bandwidth if they are not consecutively located, which may affect normal UEs scheduling and performance when large contiguous PRBs are needed in the same subframe. Low cost UEs could only be scheduled dynamically within the set of PRBs but the frequency selective scheduling gains would be limited. 
In addition, common channels need to be transmitted on one common set of PRBs to avoid duplicate common channels in each set of PRBs. Low cost UEs could alternate two sets of PRBs for buffering and decoding when the set of PRBs used for unicast is not the same as common channels. However, because the UE does not know in advance when a SIB is scheduled within an SI-window, if the UE needs to read SIBs other than SIB1 while receiving unicast data, and if SIBs are not using the same PRBs as unicast data, then there may be a longer outage if the UE decides to receive SIB data instead of unicast data.
3.3  (E)PDCCH cross-subframe scheduling using C-RNTI

From a UE perspective, it is desired to obtain the cost savings as much as possible, because the intent of this WI is targeting the low cost MTC UEs. On the other hand, it is also desired to make the low cost UEs be scheduled dynamically within the entire bandwidth to get frequency selective gains as normal UEs.

Dynamic scheduling is advantageous for both unicast transmissions and common channels to obtain frequency selective gain for low cost UEs. Note that no cell coverage degradation as shown in Table 1 is based on the assumption that the reduced narrow band could be dynamically scheduled in the entire carrier bandwidth.

To obtain cost savings, dynamic scheduling would involve cross-subframe scheduling based on the expectation that low cost UEs may not obtain DCI in a short time, e.g., 1 slot, though the PDCCH decoding time is up to UE implementation. When EPDCCH is configured and used for scheduling unicast transmissions, cross-subframe scheduling would especially have to be used unless UEs are capable to buffer the entire carrier bandwidth data at the expense of increasing 8% cost. 

3.4 The system bandwidth is split into a 6 PRB band and the remaining part

As mentioned as above, the narrowband is expected to be located in the carrier center, and both unicast for low cost UEs and common channels are transmitted on the dedicated narrowband. There is a concern that only a dedicated narrowband of 6PRBs is insufficient to support massive MTC UEs simultaneously, and increasing the bandwidth would result in cost increase. Furthermore, unicast for low cost UEs could only be scheduled within the narrowband, which would lose the frequency selective scheduling gains. 
Based on the overall analysis as above, the following proposal is presented. 

Proposal 3: Dynamic cross-subframe scheduling for unicast transmissions is preferable in terms of cost savings and frequency selective gains. 
4 Conclusions

This contribution furthers the offline and the email discussion on the frequency location scheduling for the low cost UEs including unicast transmissions and common channels. The following proposals are presented,
Proposal 1: Duplicate PDCCH and/or PDSCH could be considered for common channels for the sake of few specification efforts. 

Proposal 2: Predefining or semi-statically configuring the frequency locations for common channels could be considered if concerns focus on the spectral efficiency rather than impact on specifications. Specifically, 

· For SIB1, the occasions and the frequency locations for the restricted SIB1 transmissions on the occasions could be derived from the rules stated in the specifications and the parameters indicated from the PBCH;
· For SIBs excluding SIB1, the occasions and the frequency locations for the restricted SIBs transmissions on the occasions could be indicated in SIB1;
· For paging and RAR, the frequency locations could be indicated in SIBs, e.g., SIB2.
Proposal 3: Dynamic cross-subframe scheduling for unicast transmissions is preferable in terms of cost savings and frequency selective gains. 
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