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1 Introduction

At RAN#69 plenary meeting, a new WI, namely NB-IOT was approved [1] based on techniques described in [2]. The modes of operation are recapped as follows:
NB-IOT should support 3 different modes of operation: 

1.
‘Stand-alone operation’ utilizing for example the spectrum currently being used by GERAN systems as a replacement of one or more GSM carriers

2.
‘Guard band operation’ utilizing the unused resource blocks within a LTE carrier’s guard-band 

3.
‘In-band operation’ utilizing resource blocks within a normal LTE carrier
And the following for downlink and uplink are stated:

· OFDMA on the downlink

· Two numerology options will be considered for inclusion: 15 kHz sub-carrier spacing (with normal or extended CP) and 3.75 kHz sub-carrier spacing. Technical analysis will either perform a down-selection or decide on inclusion of both based on the feasibility of meeting relevant requirements while achieving commonality (to be finalized by RAN #70)

· For the uplink, two options will be considered: FDMA with GMSK modulation (as described in 3GPP TR 45.820 section 7.3), and SC-FDMA (including single-tone transmission as a special case of SC-FDMA) 

· Technical analysis will either perform a down-selection or decide on inclusion of both
This contribution discusses the impacts of downlink and uplink options in NB-IOT in-band operation. Considering the orthogonality between NB-IOT and LTE, DL option with 15 kHz subcarrier spacing is assumed in the analysis.
2 Performance degradation with in-band operation
2.1 LTE essential 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 should not be polluted by narrow band IOT deployed as in-band operation.

· 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 will result in performance degradation of many DCI decoding. If eNB tries to avoid using some certain REGs for PDCCH to provide capacity to NB-IOT, 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. PCFICH is separated in frequency to provide robust transmission, as failure of decoding PCFICH would hinder following control/data decoding by UE. Corrupted PHICH would also degrade LTE performance significantly.
· CRS: Accurate channel estimation highly relies on the CRS for certain Transmission Modes (TMs), and especially for a large amount of Release 8 and Release 9 UEs. CRS is also used for measurement and time/frequency tracking in LTE system.

· CSI-RS: CSI-RS was introduced since Release 10 for channel state estimation and accurate CQI/RI/PMI report by UE. Furthermore, CSI-RS is used extensively in the design of CoMP and its evolutions in LTE, due to its configuration flexibility. 

2.2 Avoiding of collisions
To avoid collisions to LTE essential channels/signals, up to 60 REs (28 REs for PDCCH/PHICH/PCFICH, 24 REs for 4 antenna port CRS, and 8 REs for CSI-RS per sub-frame on average assuming 10 CSI-RS configurations and 5ms interval) per subframe cannot be used for data and control transmission in the NB-IOT system as shown in Figure 1. This roughly account for 36% of the total resources in one sub-frame.

[image: image1.emf]CRS RE PDCCH RE

Potential 

CSI-RS RE

Frequency

Time


Figure 1 Typical PRB structure in LTE
As a result, the downlink capacity and/or coverage would be degraded. Particularly, according to the designs in [3][4]:
· M-EPDCCH: About 36% M-EPDCCH REs collides with these signals/channels. As a result, the capacity of PDCCH channel is significantly reduced by puncturing.
· M-PSS/SSS: By careful configuration of LTE CSI-RS, about 11% M-PSS (12 CRS REs in the last 9 symbols) collide with the LTE wideband signals/channels, thus the cell search performance would be degraded by puncturing.
· M-PDSCH: About 36% PDSCH REs collide with the LTE wideband signals/channels. The capacity is significantly increased by puncturing.
2.3 Limited base station transmit power
If NB-IOT 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-IOT may have to be the same as a regular LTE PRB, probably with a PSD boosting of about 3 dB [4]. 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), or 29+3=32 dBm per 180 kHz transmit power with PSD boosting. As a result, the maximum coupling loss supported by NB-IOT in-band operation is 11 to 14 dB worse than that under standalone operation. One option to tackle this issue is to transmit more repetitions, but this would reduce downlink capacity and increase latency.
2.4 Performance degradation

Combining the factors considered above, the performance degradation with in-band operation could be summarized as:
· M-EPDCCH/M-PDSCH: Assuming 3dB power boosting thus with transmit power 11dB lower than that in standalone operation, theoretically 10^(11/10) = 12.6 times more repetitions than standalone operation are needed to be successfully received at UE. Plus the collision avoiding to LTE essential channels/signals, the capacity of M-PDCCH/M-EPDCCH/M-PDSCH with in-band operation is only 1/12.6*(1-36%)=5% of that with standalone operation in theory.
· M-PSS/SSS: Assuming 3dB power boosting thus with transmit power 11dB lower than that in standalone operation, theoretically 12.6*1/(1-11%)=14.2 times and 12.6 times more synchronization time are needed to achieve the same cell search performance with standalone operation for M-PSS and M-SSS respectively, which would induce large cell search latency.
· PBCH: Assuming 3dB power boosting thus with transmit power 11dB lower than that in standalone operation, the capacity of PBCH is only 1/12.6=8% of that with standalone operation in theory.
Based on above analysis, we have following observation:
Observation 1: Compared with standalone operation, there’s significant performance degradation for NB-IOT in-band operation, thus only relaxed performance objectives could be fulfilled by NB-IOT in-band operation.
3 Impacts of in-band operation on interference
3.1 Increased interference due to power boosting
In the downlink, if transmit power boosting is assumed, the interference from NB-IOT to neighboring LTE cells will be deteriorated than that from LTE interferers due to the higher PSD.

Observation 2: For NB-IOT with in-band operation, the interference to neighboring LTE networks would be deteriorated by power boosting.
3.2 Uplink mutual interference between NB-IOT and LTE
In the uplink, the NB-IOT signal is not orthogonal to the LTE signal no matter whether it is FDMA or SC-FDMA (due to different sub-carrier spacing). 
Specifically, due to the rectangular pulse shaping, the 15-kHz LTE sub-carriers adjacent to the NB-IOT carrier have high side-lobes covering at least 3 sub-carriers i.e. severely interfering 45 kHz (or 90 kHz if both sides are considered). One option is to use a matched filter to manage interference from LTE PRBs. However, the digital filter would distort OFDM signals, thus inducing ICI/ISI for NB-IOT with SC-FDMA. But it would work well for FDMA. In addition, the digital filter for FDMA could just leave interference/noise in the desired sub-carrier with only 3.75 kHz, while the interference/noise in 180 kHz would be remained for SC-FDMA. Therefore, FDMA would work better than SC-FDMA on managing the interference from LTE.
Similar problems also occur in the opposite direction, i.e. interference from NB-IOT to LTE. The slow fall-off of OFDM signal sidelobes would induce higher interference to LTE PRBs from SC-FDMA than FDMA. Although SC-FDMA subcarrier spacing is an integer submultiple of that of LTE which would reduce interference to LTE to some extent, the impairment on uplink frequency offset would make the interference severe. Meanwhile, the adjacent sub-channel leakage could be very low for FDMA [5].
Observation 3: The mutual interference between FDMA and legacy LTE on uplink may be easier to be tackled than SC-FDMA.
4 Conclusions
In this contribution, we analyzed the overhead of avoiding channels/signals essential to legacy LTE system. The following could be observed:
Observation 1: Compared with standalone operation, there’s significant performance degradation for NB-IOT in-band operation, thus only relaxed performance objectives could be fulfilled by NB-IOT in-band operation.
Observation 2: For NB-IOT with in-band operation, the interference to neighboring LTE networks would be deteriorated by power boosting.
Observation 3: The mutual interference between FDMA and legacy LTE on uplink may be easier to be tackled than SC-FDMA.
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