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1. Introduction
At GERAN #62 a new study item was agreed to study different access stratum solutions to meet the needs for Cellular Internet of Things (CIoT) [1]. There are four clean-slate proposals, namely NB-LTE, NB M2M, NB-OFDMA, and NB-CIoT in the latest TR 45.820 [2]. Clean-slate solutions such as NB M2M, NB-OFDMA, and NB-CIoT cannot be deployed inside a regular LTE carrier since downlink orthogonality between the clean-slate solution and the wideband LTE is not maintained. Meanwhile, NB-LTE solution is designed to be deployable within the wideband LTE carrier, and it will be beneficial to operators especially when the operators do not have GSM carriers or want to increase deployment flexibility.

In this contribution, the physical layer design principles of NB-LTE deployed in LTE band is presented, and the link budget performance is evaluated.
2. Overview
2.1. Design Principles
NB-LTE is designed to support both in-band operation inside a regular LTE carrier and stand-alone operation including re-farming GSM carriers and using small unused parts of a regular LTE carrier. The following considerations are taken into account for design of NB-LTE:
· Compatibility with in-band deployments in one or more LTE Physical Resource Blocks (PRB) in order to support a variety of deployment scenarios, including stand-alone deployments.
· Design commonality for different deployment scenarios as much as possible to reduce implementation complexity of devices. Deployment scenarios can be informed to devices.
Regarding the support of in-band operation, as explained in [3], NB-LTE is designed to avoid potential collision with legacy LTE:

· Deployment
· NB-LTE is deployed in PRB outside of the middle 6 PRBs of LTE. The PRB used for NB-LTE can be pre-defined or indicated in the MIB/SIB. 
· M-PSS/SSS and M-PBCH
· M-PBCH is placed to avoid collision with LTE CRS, PRS, PSS, SSS, PDCCH, PCFICH, PHICH, and MBSFN.
· M-PSS and M-SSS are placed to avoid collision with LTE PRS, PSS, SSS, PDCCH, PCFICH, PHICH and MBSFN while CRS positions are punctured in M-PSS and M-SSS transmission.
· M-PBCH and M-PSS/SSS can be placed to avoid collision with LTE CSI-RS or CSI-RS can puncture those channels.

· M-PSS/M-SSS and/or M-CRS and/or legacy CRS can be used for demodulation of M-PBCH.
· System information carried in M-PBCH may contain information of legacy LTE (e.g., legacy CRS, number of OFDM symbols for LTE PDCCH). 
· Either M-PSS/M-SSS or M-PBCH may take a role in identifying operation modes.
· M-EPDCCH and M-PDSCH
· After acquiring system information, legacy CRS and/or DM-RS can be utilized for demodulation of M-EPDCCH and M-PDSCH. To improve M-EPDCCH and M-PDSCH performance, especially in the extreme coverage case, using additional M-CRS or boosting CRS/DM-RS power can be considered.

· In case the legacy CRS and/or DM-RS information is not available or may lead to poor channel estimation due to limited power, M-CRS can be defined.

· Resources for M-EPDCCH and M-PDSCH can be configured in the system information.

· The number of OFDM symbols carries legacy LTE PDCCH can be predefined and/or notified via system information, hence, it is protected from M-EPDCCH and M-PDSCH transmission.
· Scheduling

· In case multiple PRBs are allocated to NB-LTE, cross-narrowband scheduling over multiple narrowband carriers can be available.
· Power boosting
· To enhance the performance of channel estimation and data transmission, power boosting on both RS and M-PBCH/M-EPDCCH/M-PDSCH are considered. 

· For example, for in-band deployment 3dB power boosting is enabled for the extreme coverage case for M-PBCH, M-EPDCCH, and M-PDSCH channels. For in-band deployment 6dB CRS power boosting can be enabled.
2.2. Performance objectives
It is desirable that the performance objective of NB-LTE for in-band deployment can be the same with that of standalone deployment in terms of MCL, i.e., 164dB. All the other objectives such as target data rate, latency, battery lifetime will be further studied in WI phase.

3. Downlink Design
3.1. Overview
As NB-LTE is designed to have commonality for different deployment scenarios, the overall physical layer design including channelization, frame structure, physical channels and signals for in-band deployment is identical with that of standalone case. However, the power spectral density in downlink is lower for the in-band deployment case as the NB-LTE will share the transmit power with normal LTE, therefore the configuration of downlink channels may be different from that of standalone, e.g., repetition level should be increased to satisfy the required coverage target. In the following, we suggest two NB-LTE design options for in-band deployment for the guidance.
3.2. M-PSS/M-SSS
The M-PSS and M-SSS are placed in subframe 9 of each frame, which avoid any potential collision with MBSFN. In order to achieve good cell search performance, it is desirable to transmit M-PSS in contiguous OFDM symbols. The resource elements which are occupied by the legacy CRSs are punctured and not used by M-PSS. The detailed M-PSS/M-SSS design can be found in [3]. Performance evaluations for the standalone mode can be found in [4], and for inband mode below, where also two configurations with higher PSS/SSS density are presented. 
3.3. M-PBCH
M-PBCH is allocated in subframe 0 of each frame, and its design aims to avoid potential collisions with legacy LTE signals as much as possible, e.g., MBSFN subframes, PDCCH, and so on. For example, LTE PDCCH may take up to the first 3 OFDM symbols in subframe 0. Thus, the first 3 OFDM symbols are not used by M-PBCH. One example of M-PBCH structure is introduced in [3]. 

The key features of M-PBCH design in [4] and processing procedure are summarized as follows: 
· The M-PBCH transmission time interval (TTI) is 640ms, and it is transmitted in 5 OFDM symbols in subframe 0 of each LTE frame.

· SFBC based transmission is used when there are multiple transmit antennas, and the additional CRS which supports up to 2 transmit antenna ports are defined to assist channel estimation 

· The number of system information bits in M-PBCH is 34. With 16 bit cyclic redundancy check (CRC), the total number of bits before encoding is 50.

· The 50 bits are encoded with convolutional code and rate matched to the number of available resource elements for PBCH. 

· The coded bits are scrambled with a cell-specific reference sequence.

· The scrambled coded bits are segmented into 8 equal-sized code sub-blocks which are sent in 640ms. Besides, each code sub-block and self-decodable.

· Each code sub-block is modulated with QPSK.

3.4. M-PDSCH
Since the first a few OFDM symbols carry PDCCH of LTE, they are not used for M-PDSCH. Same as standalone case, three coverage modes are defined (i.e., basic, robust, extreme). For the simulation, 3 OFDM symbols are assumed unless noted otherwise. 
3.5. M-EPDCCH
Since the first a few OFDM symbols carry PDCCH of LTE, they are not used for M-EPDCCH. Same as standalone case, three coverage modes are defined (i.e., basic, robust, extreme). For the simulation, 3 OFDM symbols are assumed unless noted otherwise.
4. Uplink Design
The Uplink design is fully consistent with that of the standalone deployment as the power availability in uplink remains unchanged in the different deployment cases. It is expected that the system capacity is not much affected in in-band operation when compared to the standalone case.
5. Performance Evaluation
5.1. Link Budget Simulation Assumptions
The simulation assumptions used in the evaluations are listed in Table 1.
Table 1: Assumptions for Link Level Simulations
	Parameter
	Value

	Legacy system bandwidth
	10 MHz

	Frequency band
	900 MHz

	Propagation channel model
	TU

	Doppler spread
	1 Hz 

	Interference/noise
	Sensitivity

	Antenna configuration (Transmission mode)
	Case 1) BS: 2T, MS: 1R (TM2, SFBC)
Case 2) BS: 1T, MS: 1R (TM1)

	Frequency error
	F_offset(t) = F_est_error + (F_drift_inactive *T_inactive)  + (F_drift_active * t). 

	NB LTE specific frequency error  (F_est_error)
	Randomly chosen from [-50, 50] Hz

	Frequency drift rate (F_drift_active)
	22.5 Hz/second

	Thermal noise density (dBm/Hz)
	-174

	BS Receiver noise figure (dB)
	3

	MS Receiver noise figure (dB)
	5

	Interference margin (dB)
	0

	Receiver processing gain (dB)
	0

	# of PRB
	1

	Power boosting (Note1)
	3dB power boosting for data/control 
+ 6dB CRS power boosting


Note 1: In case that no power boosting or different power boosting level is considered, this will be indicated in the evaluation results.
5.2. Link Budget Performance
In this section, the evaluation results of coverage are presented for the inband deployment option of NB-LTE. The simulation results are collected from multiple companies. The results show that 164dB MCL target can be achieved. For reference, the link budget and data rate for coupling loss of 155.7dB (eMTC MCL target) is shown in <Result 1> below.
5.2.1. M-PBCH
In this section, simulation results are presented to evaluate NB-LTE PBCH coverage performance.
Table 2: NB-LTE M-PBCH Coverage Evaluation
	Deployment
	In-band with 10 MHz LTE

	Results [Sources]
	Result 1

[Samsung]
	Result 2

[Nokia]
	Result 3

[Ericsson]

	Acquisition time (ms)
	640
	2240
	1920

	Transmitter
	
	
	

	Max Tx power (dBm)
	46
	46
	46

	(1) Actual Tx power (dBm)
	32
	32
	35

	Receiver
	
	
	

	(2) Thermal noise density (dBm/Hz)
	-174
	-174
	-174

	(3) Receiver noise figure (dB)
	5
	5
	5

	(4) Interference margin (dB)
	0
	0
	0

	(5) Occupied channel bandwidth (Hz)
	180,000
	180,000
	180,000

	(6) Effective noise power
	-116.4
	-116.4
	-116.4

	(7) Required SINR (dB)
	-8.3
	-15.6
	-12.6

	(8) Receiver sensitivity = (6) + (7) (dBm)
	-124.7
	-132.0
	-129.0

	(9) Rx processing gain
	0
	0
	0

	(10) MCL  = (1) -(8) + (9) (dB)
	156.7
	164.0
	164.0


In Result 1, the payload consists of 34 bits and 16-bit CRC (i.e., total 50 bits). The antenna configuration case 1 (with SFBC transmission) is considered, and additional M-CRS is used for channel estimation. The M-PBCH is transmitted every 10ms in subframe #0 (using 5 OFDM symbols), and the M-PBCH content changes every 640ms. The link budget is based on decoding a complete N-PBCH code block (640ms). The target BLER of the M-PBCH is 10%.
In Result 2, the payload consists of 24 bits and 16-bit CRC. Antenna configuration case 1 with SFBC is used. Convolution coding is used. The M-PBCH is transmitted every 10ms in subframe #0. The M-PBCH content changes every 160ms and multiple decoding attempts are used to reduce the number of repetitions required. The target BLER of the M-PBCH is 1%.
In Result 3 the payload consists of 34 bits and 16-bit CRC. Antenna configuration case 1 with SFBC is used. Convolution coding is used. The M-PBCH is transmitted every 10ms in subframe #0 (using 5 OFDM symbols). The M-PBCH content changes every 640ms and 3 decoding attempts are used to achieve 10% BLER. More detailed description can be found in [3].
5.2.2. M-PDSCH
The sourcing companies have evaluated the M-PDSCH coverage performance, which are summarized in Table 3.
Table 3: NB-LTE M-PDSCH Coverage Evaluation
	Deployment
	In-band with 10 MHz LTE

	Results [Sources]
	Result 1

[Samsung]
	Result 2

[Nokia]
	Result 3

[Ericsson]
	Result 4 [LGE]

	
	
	
	
	Option (A)
	Option (B)

	Date Rate (kbps)
	2.05
	0.4
	1.03
	1.08
	0.50

	Repetitions (#)
	42
	384
	65
	78
	168

	Transmitter
	
	
	
	
	

	Max Tx power (dBm)
	46
	46
	46
	43
	43

	(1) Actual Tx power (dBm)
	32
	32
	35
	42.8
	38.8

	Receiver
	
	
	
	
	

	(2) Thermal noise density (dBm/Hz)
	-174
	-174
	-174
	-174
	-174

	(3) Receiver noise figure (dB)
	5
	5
	5
	5
	5

	(4) Interference margin (dB)
	0
	0
	0
	0
	0

	(5) Occupied channel bandwidth (Hz)
	180,000
	180,000
	180,000
	180,000
	180,000

	(6) Effective noise power
	-116.4
	-116.4
	-116.4
	-116.4
	-116.4

	(7) Required SINR (dB)
	-7.6
	-15.9
	-12.6
	-6.2
	-10.2

	(8) Receiver sensitivity = (6) + (7) (dBm)
	-124
	-132.3
	-129
	-122.6
	-126.6

	(9) Rx processing gain
	0
	0
	0
	0
	0

	(10) MCL  = (1) -(8) + (9) (dB)
	156.0
	164.3
	164.0
	165.4
	165.4


In Result 1, it is assumed that the payload consists of 776 bits and a 24-bit CRC, giving a total of 800 bits. The antenna configuration case 1 (with SFBC transmission) is used. The antenna configuration case 1 (with SFBC transmission) is used. Convolution code is adopted as a coding scheme and QPSK modulation is assumed. For channel estimation, cross-subframe/multi-subframe estimation method is applied to suppress noise sufficiently, e.g., for extreme coverage, 6 subframes is used. The target BLER of the M-PDSCH is 10%.
In Result 2, the payload consists of 776 bits and 24-bit CRC. Antenna configuration case 1 with SFBC is used. Each transmission occupies 5 subframes. Turbo coding with redundancy version cycling is used. The target BLER of the M-PDSCH is 10%.
In Result 3, the payload consists of 776 bits and a 24 bit CRC is appended to it, resulting in a total of 800 bits. Antenna configuration case 1 with SFBC is used. 6 dB power boosting is assumed, and 16 dedicated CRS within a subframe (8 for each transmit antenna) are used. In addition, the first 3 OFDM symbols are unused to avoid collision with legacy PDCCH and other resource elements corresponding to legacy CRS are punctured, leaving a total of 100 resource elements within a subframe. Convolutional coding with QPSK modulation gives a total of 2400 bits and 1200 symbols, which are then mapped to 12 subframes (12 ms). 
In Result 4, the payload consists of 480bits with 24bits CRC. Antenna configuration case 2 is assumed. The number of OFDM symbols reserved for legacy PDCCH is two symbols. For the simulation, it is assumed that one PDSCH is transmitted over 6msec with 1 PRB in each subframe (i.e., 6PRB mapping). Also, different power boosting level is used in each option as the followings: 
· Option (A): 0 PRB in a subframe is used for PDSCH/EPDCCH transmission to legacy UE. In other words, all the power other than power used for legacy CRS transmission is used for NB-LTE transmission 
· Option (B): 30 PRBs are used for PDSCH/EPDCCH transmission to legacy UEs. In other words, the remaining power except for 30PRBs scheduling power (assuming EPRE between CRS and PDSCH is 0dB) is used for NB-LTE transmission 
5.2.3. M-EPDCCH

Coverage evaluation based on link simulation results from multiple sources is summarized in Table 4.
Table 4: NB-LTE M-EPDCCH Coverage Evaluation
	Deployment
	In-band with 10 MHz LTE

	Results [Sources]
	Result 1

[Samsung]
	Result 2

[Nokia]
	Result 3

[Ericsson]
	Result 4 [LGE]

	
	
	
	
	Option (A)
	Option (B)
	Option (C)

	Date Rate (kbps)
	0.9
	0.06
	0.533
	0.47
	0.21
	0.05

	Repetition (#)
	13
	288
	20
	17
	39
	171

	Transmitter
	
	
	
	
	
	

	Max Tx power (dBm)
	46
	46
	46
	43
	43
	43

	(1) Actual Tx power (dBm)
	32
	32
	35
	42.8
	38.8
	31.9

	Receiver
	
	
	
	
	
	

	(2) Thermal noise density (dBm/Hz)
	-174
	-174
	-174
	-174
	-174
	-174

	(3) Receiver noise figure (dB)
	5
	5
	5
	5
	5
	5

	(4) Interference margin (dB)
	0
	0
	0
	0
	0
	0

	(5) Occupied channel bandwidth (Hz)
	180,000
	180,000
	180,000
	180,000
	180,000
	180,000

	(6) Effective noise power
	-116.4
	-116.4
	-116.4
	-116.4
	-116.4
	-116.4

	(7) Required SINR (dB)
	-7.5
	-15.6
	-13.5
	-6.2
	-10.2
	-17.1

	(8) Receiver sensitivity = (6) + (7) (dBm)
	-123.9
	-132.0
	-129.9
	-122.6
	-126.6
	-133.5

	(9) Rx processing gain
	0
	0
	0
	0
	0
	0

	(10) MCL  = (1) -(8) + (9) (dB)
	155.9
	164.0
	164.9
	165.4
	165.4
	165.4


In Result 1, it is assumed that the payload consists of 48 bits and 16 bits CRC, giving a total of 64 bits. The antenna configuration case 1 (with SFBC transmission) is used. Convolution code is adopted as a coding scheme and QPSK modulation is assumed. For channel estimation, cross-subframe/multi-subframe estimation method is applied to suppress noise sufficiently, e.g., for extreme coverage, 6 subframes is used. No power boosting for CRS is assumed in this result. The target BLER of the M-EPDCCH is 10%.
In Result 2, the payload consists of 16 bits and 16-bit CRC. Antenna configuration case 1 with SFBC is used. Each transmission occupies 1 subframe. Convolution coding is used. The target BLER of the M-EPDCCH is 1%.
In Result 3 the payload consists of 48 bits and a 16 bit CRC is appended to it, resulting in a total of 64 bits. Antenna configuration case 1 with SFBC is used. 6 dB power boosting is assumed, and 16 dedicated CRS within a subframe (8 for each transmit antenna) are used. In addition, the first 3 OFDM symbols are unused to avoid collision with legacy PDCCH and other resource elements corresponding to legacy CRS are punctured, leaving a total of 100 resource elements within a subframe. Convolutional coding with QPSK modulation gives a total of 1200 bits and 600 symbols, which are then mapped to 6 subframes (6 ms). 
In Result 4, the payload consists of 32bits with 16 bit CRC. The antenna configuration 2 is used. The number of OFDM symbols reserved for legacy PDCCH is two symbols. For the simulation, it is assumed that one M-EPDCCH is transmitted over 6msec with 1 PRB in each subframe (i.e., 6PRB mapping). Also, different power boosting level is used in each option as the followings:
· Option (A): 0 PRB in a subframe is used for PDSCH/EPDCCH transmission to legacy UE. In other words, all the power other than power used for legacy CRS transmission is used for NB-LTE transmission 
· Option (B): 30 PRBs are used for PDSCH/EPDCCH transmission to legacy UEs. In other words, the remaining power except for 30PRBs scheduling power (assuming EPRE between CRS and PDSCH is 0dB) is used for NB-LTE transmission 
· Option (C): 46 PRB are used for PDSCH/EPDCCH transmission to legacy UEs. 
5.2.4. Cell search

For inband cell search performance, two configurations with increased PSS/SSS density have been investigated. 

· Configuration 1: PSS/SSS repeated every 10 ms. PSS occupies subframe 5, SSS occupies subframe 10. PSS occupies 108 resource elements.

· Configuration 2: PSS/SSS repeated every 10 ms. PSS occupies subframes 4 and 5, SSS occupies subframe 10. PSS occupies 216 resource elements.

Both configurations use the design described above and in [3], but where configuration 1 has 2 times increased PSS and SSS density and configuration 2 has 4 times increased PSS density and 2 times increased SSS density. Note that the system can operate without increased PSS and SSS density.
In Table 5 performance evaluations are presented for initial cell search for NB-LTE deployed in a 10 MHz system with 6 dB boosting of NB-LTE at 164 dB coupling loss. The evaluations are based on a single transmit antenna. Thus, better performance will be achieved when the transmit diversity that is enabled by two transmit antennas in an inband deployment is utilized. 
Table 5: Cell Search Coverage and Sync Time Evaluation
	
	Configuration 1
	Configuration 2

	
	0 interferer
	2 interferers
	0 interferer
	2 interferers

	Detection
	96.7 %
	100 %
	99.6 %
	100 %

	False Alarm
	2.2 %
	4 %
	2.5 %
	1.8 %

	50 %
	1020 ms
	500 ms
	640 ms
	230 ms

	90 %
	3290 ms
	1490 ms
	2300 ms
	790 ms

	Average
	1350 ms
	607 ms
	900 ms
	330 ms


5.3. Capacity Performance Evaluation
A capacity evaluation has been performed using the same methodology and assumptions as in [5], but with a downlink transmit power of 35 dBm, which corresponds to 6 dB power boosting of the PRB assigned to NB-LTE in an 10 MHz LTE system with a total output power of 40 W. In this evaluation, a single base station transmit antenna is assumed, so the downlink capacity provides a lower bound, since transmit diversity gains are not included. For the uplink, the assumption is that 8 of the 72 subcarriers are used as guard band.
First of all, since the uplink is not affected by the reduced downlink power, the uplink capacity is not changed much. In Figure 1 we see that the impact of using some subcarriers as guard band has minor impact on the capacity. With full frequency reuse 150,000 users per cell can be served. 
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Figure 1 Uplink capacity (in #uplink reports/200 kHz), based on scenario 2 with 
0.75 BPL correlation.
It has been shown in [6] that it is feasible to operate NB-LTE adjacent to LTE in the uplink, even though the uplink signals are not completely orthogonal due to the difference in subcarrier bandwidth. To anyway stress test the system, simulations have been performed where excessive external interference has been added in the uplink by increasing the uplink noise figure from 3 dB to 6 dB and 9 dB. This corresponds to a 3 dB and 6 dB noise rise over thermal noise due to external interference, which is a very high level of external interference. The evaluation results are shown in Figure 2 where the 1st percentile (worst percentile) user throughput is plotted against cell throughput. As can be seen, although the user throughput reduces, the system capacity is not much affected. Note that the targeted capacity of 52500 users per cell corresponds to 8.4 kbps traffic per cell, and as illustrated the system can achieve at least 23 kbps cell throughput which corresponds to more than 140,000 users, even with much increased external interference levels.
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Figure 2 Uplink capacity with varied noise figure, based on scenario 2 with 
0.75 BPL correlation.
Since the downlink transmit power is reduced in an inband deployment, it is interesting to study also the downlink capacity. Figure 3 shows that more than 170,000 devices per cell can be supported in the downlink, even when the power allocated to NB-LTE is only 35 dBm. 
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Figure 3 Downlink capacity (in #downlink messages/200 kHz), based on scenario 2 with 
0.75 BPL correlation.
Figure 4 shows that the user data rate in the downlink at the targeted system load is satisfactory even for the  users in worst coverage.
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Figure 4 Downlink performance of UEs at coverage limited locations. Performance is 
evaluated at the target system load of 52500 devices per sector.
5.4. Exception Report Latency Evaluation

In this section we present the exception report latency evaluation for inband operation. The evaluation follows the methodology in [2] and the connection to the core network is assumed to be Gb based, since that is what has been agreed to be assumed in the GERAN study item. The evaluation is done in the same way as for the standalone case [7] except for a few differences:
· The evaluation is done for 164 dB coupling loss only as this is the most challenging case. 

· In order to reduce the network synchronization time we assume that PSS/SSS Configuration 2 (see Section 5.2.4) is used. In the evaluation the longest initial synchronization time from the two cases of 0 interferers and 2 interferers is used at 90 % success rate.
· The initial BLER for the exception report transmission is set to 1% instead of 10%. This means that no re-transmission is required to meet 99% successful report delivery. The transmission time increases slightly but since the increase is less than the time required for a re-transmission, we still gain in latency.
Table 5 summarizes the different activities and waiting times during an exception reporting event. 
· The various waiting times (indicated using grey color) are estimated in the same way as in [7] with the difference that the EPDCCH periodicity has increased from 40 ms to 120 ms (same as the EPDCCH transmission time at 164 dB coupling loss).
· The MIB acquisition time is based on Result 3 in Table 2. An additional 640 ms is added to the acquisition time as the terminal may need to wait one M-PBCH TTI before it can start reading. The total acquisition time is therefore 640 + 1920 = 2560 ms.

· The EPDCCH transmission time is based on Result 3 in Table 4. The same result is also used for the PDSCH transmission time (RA msg2 and RA msg4). Since we lack results for 10 byte TB, the transmission time for RA msg2 is extrapolated based on the 8 byte TB result.

· As the power availability in uplink remains unchanged, PRACH and PUSCH transmission times are the same as in standalone operation [7], except for the uplink report where the PUSCH transmission time is for 1% BLER. Note at 164 dB coupling loss we are in the power limited region and only a single subcarrier will be used for the PUSCH transmissions. By using one of the outer subcarriers we can avoid any collision with PRACH.
Table 6: NB-LTE Latency Evaluation

	Activity
	Size (bytes)
	164 dB

	Synch
	
	2300

	MIB
	
	2560

	PRACH
	
	1212

	Wait for EPDCCH
	
	740

	DL assignment
	8
	120

	Wait for PDSCH
	
	0

	RA msg 2 (RAR)
	10
	150

	Wait for PUSCH
	
	9

	RA msg 3 (TLLI + Access cause + BSR)
	11
	300

	Wait for EPDCCH
	
	21

	DL assignment
	8
	120

	Wait for PDSCH
	
	0

	RA msg 4 (cont. res.)
	8
	120

	Wait for EPDCCH
	
	0

	UL grant
	8
	120

	Wait for PUSCH
	
	9

	Uplink report (50 bytes)
	100
	2260

	eNB processing
	
	3

	Total
	
	10044


5.5. Energy Consumption Evaluation

In this section we present the estimated battery lifetime for NB-LTE in inband operation. The evaluation follows the methodology in [2] and the connection to the core network is assumed to be Gb based, since that is what has been agreed to be assumed in the GERAN study item. The evaluation is done in the same way as for the standalone case [8] and in particular the power model remains the same.

Table 7 shows the different activities during an uplink reporting event and the corresponding terminal state.

· For network synchronization we assume initial synchronization with 0 interferers and PSS/SSS Configuration 2 (see Section 5.2.4). The value in the Table 7 is the average synchronization time. The synchronization time at 154 dB coupling loss is estimated to be half of that at 164 dB coupling loss. For simplicity the same value is used also for 144 dB coupling loss.
· The MIB acquisition time for 164 dB coupling loss is based on Result 3 in Table 2. For 154 dB coupling loss it is estimated that one decoding attempt using 8 code sub-blocks will be sufficient to acquire MIB.  For simplicity the same values are used also for 144 dB coupling loss.  The Rx and Idle times during the MIB acquisition are calculated similarly as in [8]. The details are omitted.
· PRACH and PUSCH transmission times are the same as in standalone operation [8], as the power availability in uplink remains unchanged.
· The EPDCCH transmission time is based on Result 3 in Table 4. 
· The PDSCH transmission time for a 10 byte TB (RA msg 4) is the same as for EPDCCH. The transmission time for an 11 byte TB (RA msg2) and a 80 byte TB (IP Ack) are extrapolated from the 10 byte and 100 byte TB result, respectively. The PDSCH transmission time for a 100 byte TB is based on Result 3 in Table 3.

· The extra wait time is the same as in standalone operation and comprises the IP Ack waiting time (1000 ms), the ready timer (20000 ms), and the various scheduling delays (1000 ms). The total extra wait time is therefore 22000 ms.
Table 7: Duration and terminal state for the various activities during an uplink reporting event
	 
	 
	 
	Duration (ms)

	Activity
	State
	Size (bytes)
	144 dB
	154 dB
	164 dB

	Synch
	Rx
	
	450
	450
	900

	Wait for MIB
	Idle
	
	868
	868
	2020

	MIB
	Rx
	
	92
	92
	220

	Wait for PRACH
	Idle
	
	120
	348
	942

	Prach
	Tx
	
	4
	24
	240

	DL assignment
	Rx
	8
	2
	20
	120

	RAR (includes UL grant)
	Rx
	10
	3
	25
	150

	TLLI + Access cause + BSR
	Tx
	11
	12
	36
	300

	DL assignment
	Rx
	8
	2
	20
	120

	RA cont. res.
	Rx
	8
	2
	20
	120

	UL grant
	Rx
	8
	2
	22
	132

	IP report (50 bytes)
	Tx
	65
	26
	238
	1426

	IP report (200 bytes)
	Tx
	215
	58
	909
	4541

	HARQ ACK
	Rx
	8
	2
	22
	132

	DL assignment + PDCCH monitoring
	Rx
	8
	2
	22
	132

	IP Ack
	Rx
	80
	22
	132
	686

	HARQ ACK
	Tx
	3
	7
	13
	224

	PDCCH monitoring
	Rx
	8
	39
	156
	1560

	Extra wait time
	Idle
	
	22000
	22000
	22000


The estimated lifetime in years are presented for two different packet sizes, two reporting intervals and at different coverage.

Table 8: Estimated battery lifetime in years

	Packet size, reporting interval
	 144 dB
	154 dB
	164 dB

	50 bytes, 2 hours
	15,8
	9,4
	2,3

	200 bytes, 2 hours
	14,9
	5,1
	1,2

	50 bytes, 1 day
	34,1
	30,4
	16,7

	200 bytes, 1 day
	33,7
	24,8
	10,6


6. Conclusions

In this document, we discussed the design principles of NB-LTE inside LTE carrier. The link budget performance of broadcast channel, downlink data channel, downlink control channel, and downlink sync channel are analyzed based on link level simulations. With increased number of repetitions compared to standalone case and power boosting, 164 dB MCL is achieved for all the channels in in-band deployment. 
The capacity of an in-band deployment is evaluated, and both downlink and uplink can support a load that is at least 3 times higher than the target of 52500 devices per cell.
The latency analysis shows that even in the worst conditions an uplink report can be sent with 10.0 seconds latency. 

The energy consumption evaluation shows that the 10 year battery life objective can be met or exceeded for many of the studied traffic scenarios.
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