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Narrowband LTE – Concept Description

[bookmark: _Ref409106980]Introduction
At GERAN#62 a new feasibility study named Cellular System Support for Ultra Low Complexity and Low Throughput Internet of Things (WI code: FS_IoT_LC)  was approved, see  [1].
The study is open to both a non-legacy based design, and/or a backward compatible evolution of GSM/EDGE.
This contribution presents a non-legacy based design from the standpoint of GSM/EDGE. The proposed solution, however, has a great degree of synergy with LTE. We refer to this proposal as narrowband LTE (NB-LTE), as the entire system occupies only one LTE Physical Resource Block (PRB) and is operable within 200 kHz bandwidth. 
General design principles
The downlink is based on orthogonal frequency division multiple access (OFDMA) and has the same subcarrier spacing, OFDM symbol duration, slot format, slot duration, and subframe duration as LTE. 
Same as LTE, the uplink is based on single-carrier frequency division multiple access (SC-FDMA). However, the subcarrier spacing is 2.5 kHz, which is one sixth of the LTE subcarrier spacing. As a result, OFDM symbol duration, slot duration, and subframe duration are all 6 times of the LTE counterparts. The uplink system bandwidth is also 200 kHz, with a total transmission bandwidth of 180 kHz. NB-LTE can be used for replacing a GSM carrier for CIoT applications. Additionally, NB-LTE may be deployed inside a regular LTE carrier. For  “inband” deployment, NB-LTE maintains downlink orthogonality with the mobile broadband (MBB) traffic and compatibility with legacy LTE. It inherits most of the embodiments of LTE MTC enhancements in Release 12 and 13, e.g. Power Save Mode (PSM), extended DRX (eDRX) cycle, etc. A deployed LTE or multi-standard base station can be upgraded to NB-LTE features through a software update. 
Further, depending on spectrum and resource availability, multiple narrowband carriers may be defined from the network’s perspective for both DL and UL to facilitate efficient system scalability with increase in the number of CIoT devices. Cross-narrowband scheduling can be considered as well. Such system deployments with multiple narrowband carriers can also benefit from frequency diversity gains with possible UE retuning from one narrowband to another.
NB-LTE offers flexibility in terms of data rate, sufficient to cover a wide range of IoT use cases. For UEs who need 20 dB coverage extension compared to GSM, the downlink and uplink data rate are approximately 3.1 kbps and 350 bps, respectively. [6] 
In addition to having high synergy with the LTE physical layer, NB-LTE can reuse the higher layer designs of LTE to a very large extent, see [2].
These synergies with LTE maximize the speed to market and economy of scale achievable compared to other solutions. 
Downlink Physical Layer
Channelization
The subcarrier spacing and channel bandwidth of downlink NB-LTE is illustrated in Figure 1. It occupies only one LTE PRB, i.e. 180 kHz of transmission bandwidth.
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[bookmark: _Ref425955759]Figure 1: A NB-LTE carrier consists of 12 subcarriers with 15 kHz subcarrier spacing.
Frame structure
The DL time units are shown in Figure 2. The OFDM symbol duration, slot duration, and subframe duration are exactly the same as LTE. Furthermore, the slot format is exactly the same as that in LTE. Due to the fact that the system bandwidth is one sixth of the smallest LTE bandwidth (6 PRBs), it may be convenient for NB-LTE to introduce a new time unit termed “M-subframe”, which is a collection of 6 consecutive subframes.  The number of resource elements in a NB-LTE M-subframe would be the same as that in a LTE subframe for a 1.4 MHz LTE system.  As shown in Figure 2, a radio frame in NB-LTE consists of 10 M-subframes. Thus, a NB-LTE frame is 60 ms long. We will refer to the 60 ms frame as “M-frame”.
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[bookmark: _Ref425955766]Figure 2: Time units for downlink NB-LTE.
In LTE, multiplexing of different physical channels is well defined according to 3GPP TS 36.211, see [5]. For example, Figure 3 shows how different physical channels and reference symbols are multiplexed onto a system bandwidth of 6 PRBs within a radio frame.
For NB-LTE, the system bandwidth is only 1 PRB. One can use the time-expansion principle to remap the LTE resource elements in a subframe over 6 PRBs as shown in Figure 3 to one M-subframe of NB-LTE. This is illustrated in Figure 4.
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[bookmark: _Ref425956358]Figure 3: Legacy LTE Resource element multiplexing and allocation among different physical channels.
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[bookmark: _Ref425956363]Figure 4: Time-expansion principle for remapping the resource multiplexing scheme of LTE 6 PRBs to NB-LTE.

Physical channels
NB-LTE will include all the LTE downlink physical channels, except for PCFICH and PHICH, i.e.:
· PBCH: Used for broadcast essential system information.
· PDSCH: Used for sending downlink UE data and control information.
· (E)PDCCH: Used for carrying downlink control information (e.g. scheduling information.)…
PCFICH, which in LTE is used for dynamically signaling the number of OFDM symbols allocated for control channels, is not needed since a fixed or semi-static control channel configuration will be used in a NB-LTE system. 
PHICH, which in LTE carries Hybrid ARQ (HARQ) acknowledgements (ACK/NACK) for uplink data transfers, is not needed as Hybrid ARQ (HARQ) acknowledgements in a NB-LTE system can be sent using (E)PDCCH instead. Multiplexing of PBCH, PDCCH, and PDSCH can be in general based on the resource element mapping in Figure 3 and Figure 4.
For synchronization channels (PSS and SSS), the mapping according to Figure 3 and Figure 4 will result in fragmented synchronization sequences. Thus, it is desirable to reduce the fragmentation interval as much as possible in order to achieve fast synchronization. Figure 5 illustrates how PSS and SSS are time multiplexed with other channels in an M-frame. When PSS and SSS are transmitted, they get the entire downlink bandwidth of 1 PRB. The PSS is repeated 4 times in an M-frame, each repetition is 0.5 ms long. Similarly, The SSS is repeated 4 times in an M-frame, each repetition is 0.5 ms long. The detailed design of PSS/SSS and cell search performance can be found in [3].
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[bookmark: _Ref425956395]Figure 5: NB-LTE time-multiplexing of PSS and SSS with other physical channels
[bookmark: _Ref426204107]Resource mapping
After re-arranging PSS/SSS as discussed above, the new resource mapping for downlink NB-LTE is shown in Figure 6. Here, we highlight the first 3 M-subframes in an M-frame. In summary, this resource multiplexing table is obtained by using the following procedure.
1. Start with LTE resource multiplexing table designed for 6 PRBs
2. Use the time-expansion principle of Fig. 4 to map to 1 PRB used by NB-LTE.
3. Give PCFICH and PHICH resources to PDSCH
4. Re-arrange PSS/SSS according to Fig. 5.
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[bookmark: _Ref425956533]Figure 6: NB-LTE downlink resource element multiplexing and allocation among different physical channels.
For example, in M-subframe 0 there are resources allocated in PBCH, but not in M-subframes 1 and 2. SSS and PSS are in M-subframe 1, but not in M-subframes 0 and 2. For deployment inside an LTE carrier, PSS and SSS of NB-LTE may in some cases collide with the LTE C-RS. For compatibility with legacy LTE UEs, one solution is to preserve the LTE C-RS. As such, NB-LTE PSS/SSS at these resource elements may be punctured. 
Due to the time-expansion principle, PDCCH ends up being distributed across an M-subframe. To avoid buffering PDSCH symbols while receiving PDCCH, a forward scheduling method is used for NB-LTE. (Note that the PDCCH for NB-LTE can also be designed by applying the time expansion principle to EPDCCH.) The PDCCH scheduling information given in an M-subframe is applicable to PDSCH that starts at least one M-subframe later. This is similar to scheduling in the LTE MTC enhancements in Rel-13. Furthermore, although the example in Figure 6 shows using PDCCH for downlink control information, an alternative solution is to use EPDCCH as discussed in the following section. For example, for inband deployment but also in terms of battery consumption, a solution based on EPDCCH might have certain advantages. 
[bookmark: _Ref426294543]Scheduling of PDSCH resources
In an M-subframe, the minimum scheduling unit is 1 PRB (1 ms x 180 kHz). Hence, in principle, up to 6 UEs may be scheduled in an M-subframe. Following the principle of LTE, a transport block is mapped to the scheduling units (PRBs) assigned to a UE in one M-subframe. Unlike LTE, these scheduling units now appear in time dimension as shown in Figure 4. 
LTE provides two kinds of control channels, the PDCCH and the EPDCCH. Preferable, NB-LTE should use only one of them. In [9] we outline compare the two approaches and conclude that the NB-LTE downlink control channel should follow the principles of the LTE EPDCCH. 
With decreasing channel quality the number of bits that can be carried in the PDSCH of an M-subframe decreases. In other words, the transport block size that can be received with a desirable block error rate decreases. Therefore, as explained in [2], the relative L1/2 protocol overhead increases with decreasing transport block size. In order to reduce the relative protocol overhead, the size of a transport block needs to be increased by expanding it in the time domain beyond on M-subframe. The same basic principle is supported in LTE and known as “TTI bundling” (see section 5.4.2.1 of [7]). How it can be applied to NB-LTE PDSCH and PUSCH and how it relates to the DCI framework is also described further in [9].
Uplink Physical Layer
[bookmark: _Ref426294093]Channelization
Like LTE, uplink NB-LTE is based on SC-FDMA, which allows flexible UE bandwidth allocation. One important aspect for uplink SC-FDMA is to time-align multiple co-scheduled UEs so that the difference in arrival time at the eNB is within the cyclic prefix (CP). Ideally, also for UL 15 kHz sub-carrier spacing should be used in the NB-LTE, but considering the time-accuracy that can be achieved when detecting the PRACH from UEs in extremely poor coverage condition [11], the CP duration might need to be increased. One way to achieve that is to reduce the subcarrier spacing of SC-FDMA by a factor of 6, which should be sufficient to accommodate the worst timing estimation and adjustment inaccuracy expected in NB-LTE, giving rise to 2.5 kHz subcarrier spacing for NB-LTE PUSCH. Another motivation for reducing the subcarrier spacing is to allow a higher degree of user multiplexing. For example, one user may be allocated with one single subcarrier. This is more efficient for users in extreme coverage limited conditions as such users do not benefit from being allocated with higher bandwidth while the system capacity increases due to multiple UEs using their maximum TX power simultaneously.
[bookmark: _Ref426294094]Frame structure
With 2.5 kHz subcarrier spacing, all the uplink time units in NB-LTE are exactly 6 times of the corresponding LTE time units. For example, a radio frame and subframe in uplink NB-LTE are 60 ms and 6 ms, respectively. Like in the case of NB-LTE downlink, we refer to these as M-frame and M-subframe, respectively. Figure 7 visualizes how the uplink numerology is stretched in time domain. Like an LTE 1.4 MHz carrier, the NB-LTE carrier comprises of 6 PRBs in frequency domain. Each NB-LTE PRB contains 12 subcarriers. 
The resulting uplink frame structure based on 2.5 kHz subcarrier spacing is illustrated in Figure 8.
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[bookmark: _Ref426292669]Figure 7: Stretching uplink numerology in time domain and 
thereby reducing subcarrier spacing from 15 kHz to 2.5 kHz
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[bookmark: _Ref425929435]Figure 8: Time units for uplink NB-LTE based on 2.5 kHz subcarrier spacing.
Random Access
PRACH subcarrier spacing is reduced for the consideration of being able to use Zadoff-Chu (ZC) sequences of longer length. This enhances PRACH detection performance. More details on PRACH design can be found in [4].
Considering timing accuracy and PUSCH capacity, we use 2.5 kHz and 312.5 Hz subcarrier spacing for PUSCH and PRACH, respectively. Figure 9 illustrates how PUSCH and PRACH are frequency multiplexed based on one example of such choices of subcarrier spacing.  

[image: ]
[bookmark: _Ref425956973]Figure 9: NB-LTE subcarrier spacing of PUSCH and PRACH.
[bookmark: _Ref426290311]Resource mapping
PRACH and PUSCH are time- and frequency-multiplexed onto a 200 kHz NB-LTE carrier. The multiplexing in time and frequency is shown in Figure 10, in which the resource elements allocated to PUSCH are shaded in yellow color. In order to randomize the effect of the inter-cell interference, frequency hopping may be considered for PUSCH. According to Figure 10, within an M-frame of 60 ms, there is a 12 ms portion during which PRACH can be transmitted. The occasions of PRACH as well as the frequency allocation (centered in the NB-LTE bandwidth or shifted toward the edge) is assumed to be configurable through system information. .
[image: ]
[bookmark: _Ref425957092]Figure 10: NB-LTE time- and frequency-multiplexing of PRACH and PUSCH.
The edge subcarriers as shown in Figure 10 are allocated to UEs who need extreme coverage extension (e.g. 20 dB). These UEs can only transmit at low rates due to poor coverage condition, and thus from system design perspectives, it is not desirable to further lower their data rates by time multiplexing with other physical channels (e.g. PRACH). For inband deployment, some of these edge subcarriers may serve as a guard band to avoid or reduce interference between NB-LTE and LTE. The allocation of such guard subcarriers might be dynamically adjusted through NB-LTE uplink scheduling by simply not scheduling any NB-LTE UE on these subcarriers. 
NB-LTE uplink only supports two physical channels in the uplink, PRACH and PUSCH. The use of a dedicated PUCCH, as used in LTE for carrying uplink control information, is not necessary as its function can be integrated to PRACH and PUSCH. Due to the data package size of CIoT applications, the uplink control information (ACK/NACK for PDSCH) can be multiplexed with the regular data package in PUSCH. The eNB therefore has to provide an UL grant occurring whenever the feedback for the DL is due. It could either be an ACK/NACK only for the corresponding DL process or an RLC status report. Both options may be considered even though we prefer the former. 
The dedicated scheduling request (D-SR) mapped to the PUCCH in LTE is beneficial and efficient for frequent packet arrivals (e.g. during TCP slow start). Considering the traffic patterns expected from CIoT applications and the low data rates, a dedicated scheduling request mechanism is not considered beneficial for NB-LTE. Hence, for the initial uplink resource request or when the UE is in idle mode, the PRACH procedures can be used for the uplink resource request, see sec. 10.1.5 [10]. 
[bookmark: _Ref426294029]Scheduling of PUSCH resources
With the time expansion principle (see sections 4.1 and 4.2) there are still 6 PRBs per M-subframe that can be allocated to the PUSCH of up to 6 UEs. 
The provisioning of the corresponding downlink control information as well as a bundling-scheme for spanning a PUSCH transport block across multiple M-Subframes is described in [9]. As for the PDSCH we conclude there that a EPDCCH based design will be favorable for providing the uplink grants to the UE. 
Conclusions
In this contribution we outlined a physical layer framework for a narrowband 200 kHz carrier that builds on top of the existing LTE physical layer design. It aims to maximize the re-use of its physical layer principles such as its DL numerology and the multiple access schemes (OFDMA and SC-FDMA). The coding, modulation, and rate matching framework already established in LTE can also be reused. Changes to the UL numerology as well as to the PSS/SSS and PRACH structure have been proposed while aiming also here for commonality with LTE. For example, like LTE, Zadoff Chu sequences are used for PRACH and the synchronization channels, and cell search is based on the same cell identity grouping method.
The proposed design maintains key properties of LTE such as tight packing of subcarriers and resulting high capacity while enhancing the coverage and reducing the device complexity and cost. The latter comes naturally from the reduction of the channel bandwidth and the introduction of a longer M-subframe as well as inter-subframe scheduling. 
The concept description is provided to show feasibility against the study item objectives, and could be seen as a baseline for further discussion and optimization in a potential work item phase. Simple design as well as synergy and compatibility with LTE are important optimization criteria.
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