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On In-band Deployment of NB-LTE
1 Introduction
At GERAN#62, a study item named “Cellular IoT” (CIoT) was created, aiming to evaluate how to support low throughput and low complexity machine type communications [1].
NB-LTE has been proposed as a very late solution for CIoT, see [2].

It is claimed in section 2 of [2] that “NB-LTE may be deployed inside a regular LTE carrier” and that “For ‘in-band’ deployment, NB-LTE maintains downlink orthogonality with the mobile broadband (MBB) traffic and compatibility with legacy LTE.”
This document provides some analysis on the feasibility of NB-LTE under “in-band” deployment.
2 Collision with LTE channels/signals
In LTE system, in order to enjoy the frequency diversity/frequency selective gain, a number of essential channels/signals (e.g. PDCCH/PHICH/PCFICH, CRS and CSI-RS) are transmitted by spanning over the whole system bandwidth. These signals must NOT be polluted by NB-LTE if NB-LTE is deployed inside the LTE system.

· PDCCH/PHICH/PCFICH: REG-level interleaving is applied in the LTE control region to harvest the frequency diversity gain. Polluting 1 PRB of the control region by transmitting M-PDCCH or M-EPDCCH will result in performance degradation of many DCI decodings or even make many DCI decodings failed in the case of relatively narrow system bandwidth (e.g. 1.4 MHz bandwidth). If eNB tries to avoid using some certain REGs for PDCCH to provide control capacity to NB-LTE, then clearly the control capacity of LTE is reduced and scheduling significantly more complex; or the coverage of the cell is reduced if higher aggregation levels become unavailable. In particular, the decoding failure of DCIs scheduling broadcast information (e.g. the PDCCHs masked by SI-RNTI, P-RNTI and RA-RNTI) will cause the whole LTE system collapses. PCFICH occurs in relatively few REGs, but damage to PCFICH is catastrophic since incorrect decoding causes the loss of the whole subframe. PHICH is not the only HARQ mechanism available to the eNB, but degraded performance for PHICH leads to well-known performance losses for LTE UEs and restrictions to eNB scheduling of re-transmissions. 
· CRS: Accurate channel estimation highly relies on the CRS density and CRS pattern especially for the efficient operation of MIMO in certain Transmission Modes (TMs). Although DM-RS is used for PDSCH demodulation instead of CRS since Release 9 in appropriate TMs, the demodulation and channel state estimation performance of a large amount of Release 8 and Release 9 UEs will be degraded if the CRS are polluted. CRS is also used for measurement and time/frequency tracking in LTE system, so the pollution of CRS would have very profound impact to the whole system.

· CSI-RS: CSI-RS was introduced since Release 10 for channel state estimation. The pollution of CSI-RS will lead to inaccurate CQI/RI/PMI report from the UE and consequently sub-optimal scheduling decisions at eNB. Furthermore, CSI-RS is used extensively in the design of CoMP and its evolutions in LTE, due to its configuration flexibility. 

As a result, up to 76 REs (28 REs for PDCCH/PHICH/PCFICH, 24 REs for 4 antenna port CRS, and 24 REs for CSI-RS) per subframe cannot be used for data and control transmission in the NB-LTE system as shown in Figure 1. This roughly account for 45% of the total resources in one sub-frame. The percentage would further rise if the LTE system bandwidth is 1.4 MHz due to the collision with LTE PSS/SSS and PBCH. SRS in LTE may also collide with the NB-LTE PRB pair for uplink transmission.
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Figure 1. Typical PRB structure in LTE
In order to avoid collision with the wideband LTE signals/channels, puncturing or rate matching has to be done for the colliding NB-LTE channels. As a result, the downlink capacity will be severely jeopardized, or the coding rate will be significantly increased and the coverage performance correspondingly decreased. Particularly, according to the designs in [3]

 REF _Ref426708792 \n \h 
[4]

 REF _Ref426708796 \n \h 
[5]

 REF _Ref426708798 \n \h 
[6]
· M-PDCCH/M-EPDCCH: All M-PDCCH REs collide with the LTE wideband signals/channels and about 45% M-EPDCCH REs collides with these signals/channels. As analyzed by our companion contribution [7], both of the existing M-PDCCH and M-EPDCCH designs are likely to fail to work in NB-LTE system.

· PSS/SSS: About 39% PSS REs and 44% SSS REs collide with the LTE wideband signals/channels. The short PSS/SSS sequences are very vulnerable to the collision. 
· PBCH: About 67% PBCH REs collide with the LTE wideband signals/channels. The coding rate is significantly increased.
PDSCH: About 45% PDSCH REs collide with the LTE wideband signals/channels. The coding rate is significantly increased.
Further, eMBMS on PMCH is a wideband transmission at L1, occurring in every PRB in MBSFN subframes. One such PRB cannot be interfered by NB-LTE. If it is proposed that NB-LTE only occurs in non-MBSFN subframes, then the transmissions for NB-LTE would be separated in time since there are never 6 contiguous non-MBSFN subframes in an MBSFN radio frame. Therefore, cross-subframe combining and channel estimation for NB-LTE would be likely to fail. It may instead be proposed that NB-LTE is unable to co-exist with eMBMS, or unable to co-exist in MBSFN radio frames, but  NB-LTE is the only technology in the CIoT study with this limitation.
It is very strange that in the physical channel designs of NB-LTE the impact of collision has been rarely considered, resulting in quite misleading conclusion for the feasibility of the whole system and significant overestimation of the NB-LTE coverage and capacity performance.
3 Degradation of coverage performance
If NB-LTE is deployed inside a regular LTE carrier and the radio unit of the LTE base station is to be reused, the transmit power of NB-LTE may have to be the same as a regular LTE PRB, probably with a PSD boosting of about 4 dB (see Table 6.3.1.1-1 of [6]). This translates to 46-10*log10(50)=29 dBm per 180 kHz transmit power (assuming a 10 MHz LTE system and 46 dBm eNB total TX power, see [7]), or 29+4=33 dBm per 180 kHz transmit power with PSD boosting. As a result, the maximum coupling loss supported by NB-LTE under in-band deployment is 10 to 14 dB worse than that under standalone deployment. So in this case the in-band deployment option is almost useless in terms of fulfilling the coverage performance objective of the CIoT study item.
In fact, even when assuming full transmit power (i.e. same as in standalone mode, 43 dBm), can be allocated to NB-LTE, it is hardly possible to fulfill the coverage performance objective, because in this case the power allocated to regular LTE CRS symbols (46-10*log10(600)=18.2 dBm) is 14 dB lower than the power allocated to an NB-LTE sub-carrier (43-10*log10(12)=32.2 dBm), and it is almost impossible for MSs in extreme coverage areas to perform channel estimation using these CRS symbols.
In light of the above analysis, if the intention is really to support extreme coverage in an existing LTE network, the eMTC feature being specified for Rel-13 seems to be a much better option than NB-LTE, although the MCL target for eMTC (155.7 dB) is still lower than what is targeted by the CIoT study item.

4 Degradation of interference-limited performance
In the downlink, if full transmit power allocation is assumed, the interference from NB-LTE to neighboring cells will be much worse than that from LTE interferers due to the 14 dB higher PSD.
In the uplink, the NB-LTE signal is not orthogonal with the LTE signal due to different sub-carrier spacing (i.e. 2.5 kHz vs. 15 kHz). Specifically, due to the rectangular pulse shaping, the 15-kHz LTE sub-carriers adjacent to the NB-LTE carrier have high side-lobes covering at least 3 sub-carriers i.e. severely interfering 18 NB-LTE sub-carriers (or 36 NB-LTE sub-carriers if both sides are considered).Similar problems also occur in the opposite direction, i.e. interference from NB-LTE to LTE.
Further, due to the lack of orthogonality between the NB-LTE PSS/SSS and the adjacent LTE PRBs, the interference of NB-LTE to LTE will cause performance degradation in these LTE PRBs.

In fact, the slow fall-off of the LTE out-of-band emission was carefully considered in the LTE design, hence the 10% guard band reserved at each edge of the LTE channel bandwidth. The feasibility of (uplink) “in-band” deployment of NB-LTE with LTE, without even the 10 kHz guard at each edge of the NB-LTE carrier (as designed for standalone deployment), is very suspicious.
5 Conclusions

In this document the feasibility of deploying NB-LTE “in-band” with LTE is analyzed. It is observed that with this deployment option,
· In order to avoid collision with the wideband LTE signals/channels, puncturing or rate matching has to be done for the colliding NB-LTE channels. As a result, the downlink capacity will be severely jeopardized, or the coding rate will be significantly increased and the coverage performance correspondingly decreased. However, this has been barely considered in the NB-LTE design, resulting in quite misleading conclusion for the feasibility of the whole system and significant overestimation of the NB-LTE coverage and capacity performance.
· The achieved coverage performance is far from fulfilling the coverage performance objective of the CIoT SI (10 to 14 dB worse than that under standalone deployment).
· Due to the lack of guard band between LTE and NB-LTE, the downlink interference to LTE may be much worse than the LTE-only scenario, and in the uplink, due to the non-orthogonality between LTE and NB-LTE, half of the NB-LTE sub-carriers are severely interfered by the adjacent LTE sub-carriers. Similar problems also occur in the opposite direction, i.e. interference from NB-LTE to LTE.
· Due to the lack of orthogonality between the NB-LTE PSS/SSS and the adjacent LTE PRBs, the interference of NB-LTE to LTE will cause performance degradation in these LTE PRBs.
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