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NB M2M - Overview of the Physical Layer Design
1 Introduction
At GERAN#62 a new SI was agreed to study Cellular System Support for Ultra Low Complexity and Low Throughput Internet of Things [1]. Two options were envisaged in [1]: “a non-legacy based design, and/or a backward compatible evolution of GSM/EDGE”. This contribution describes the physical layer design of “Narrow-band M2M (NB M2M)”, a non-legacy based solution proposed by the sourcing companies for Cellular IoT. 
2 Overview
To support massive number of low throughput MTC devices with a limited number of 200 KHz resource blocks (termed "RB"), each RB is divided into a large number of “narrow band” physical channels which are individually modulated and pulse-shaped. Channelization is done in a FDM manner, for both the uplink and the downlink.
With a narrow-band channel coverage can be significantly improved thanks to a much higher power spectral density (PSD), especially in the uplink. Other techniques like spreading and repetition are employed in both the uplink and the downlink to further extend the coverage.
The channel spacing in the uplink is a fraction (e.g. 1/3) of that in the downlink. This creates many more physical channels in the uplink than in the downlink. With a significantly higher number of parallel uplink data transmissions, the aggregate uplink transmit power increases proportionally, and so does the achievable uplink capacity. Another consideration is that the low cost objective implies a low uplink transmit power, hence the channel spacing should be sufficiently low to not limit the uplink PSD.
Unlike in GSM, the duration of a burst is variable, and a physical channel is only defined in the frequency domain, not in the time domain. There are three types of physical channels: physical broadcast and synchronization channle (PBSCH), physical downlink shared channel (PDSCH) and physical uplink shared channel (PUSCH). The PBSCH carries synchronization signal and broadcast information. The PDSCH carries data, control information, paging, signalling, etc. The PUSCH carries data, signalling, random access message, etc. A physical channel carries one or more types of burst in the way of TDMA. The various kind of burst will be defined in the following sections.
The base station operates in full duplex mode in order to maximize network capacity. MTC devices operate in half duplex mode to reduce the RF cost.
3 Channelization
3.1 Downlink
A frequency resource block is sub-divided into 12 downlink physical channels, with a channel spacing of 15 kHz. The downlink channelization is illustrated in Figure 1.
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Figure 1 Downlink channelization
A base station sector may be allocated downlink channels from one or more resource blocks. The assigned channels for each base station sector depend on the cell frequency planning and re-use scheme that is used for the deployment.
At least one downlink physical channel per base station sector is reserved for PBSCH. The remaining downlink physical channels are used for PDSCH. 
A MTC device is not required to receive multiple downlink channels simultaneously. A MTC device shall be capable of re-tuning its receiver from one downlink physical channel to a different downlink physical channel.
3.2 Uplink
A frequency resource block is sub-divided into 36 uplink physical channels, with a channel spacing of 5 kHz. A given base station sector may be assigned any subset of the uplink channels, depending on the frequency planning and re-use scheme that is used for the deployment.
The uplink channelization for a single resource block is illustrated in Figure 2.
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Figure 2 Uplink channelization

A base station sector may be allocated uplink channels from one or more resource blocks. The assigned channels for each base station sector depend on the cell frequency planning and re-use scheme that is used for the deployment.
If a base station sector is allocated multiple contiguous uplink physical channels, then it may choose to allocate 2, 4 or 8 contiguous uplink physical channels to the same MTC device for channel bonding. This enables higher uplink data rates (and potentially lower power consumption) for MTC devices that have sufficient link budget.
A MTC device shall be capable of re-tuning its transmitter from one uplink physical channel to a different uplink physical channel.
4 Multiple access and time structure
The access scheme is Time Division Multiple Access (TDMA) with variable time duration in physical channels. The channel spacing is 15kHz for downlink and 5kHz for uplink (without channel bonding). Physical channel’s content contains one or multiple types of bursts.
4.1 Slot
Slot is the time unit bearing scheduled M2M data mapped from higher-layer. One slot lasts for 10ms.
4.2 M-hyperframes, M-superframes and M-frames
A diagrammatic representation of all the time slot and frame structures is in Figure 3. 
The longest recurrent time period of the structure is called M-hyperframe and has a duration of 20971520ms (or 5h 49mn 31s 520ms). 

One M-hyperframe is subdivided in 4 096 M-superframes which have a duration of 5120ms (or 5,12 seconds). The M-superframes are numbered modulo this M-hyperframe (M-superframe number, or M-SFN, from 0 to 4095). M-superframe is used for DRX/DTX and its M-SFN from 0 to 4095 allows the minimum DRX/DTX period 5120ms while maximum DRX/DTX period up to 20971520ms.
One M-superframe is subdivided in 64 M-frames which have a duration of 80ms. The M-frames are numbered modulo this M-superframe (M-frame number, or M-FN, from 0 to 63). M-frame is the time unit of broadcast and synchronization information for PBSCH, also is the time interval unit of periodic downlink control information(DCI) for PDSCH.
One M-frame comprising eight slots and the slots are numbered modulo this M-frame (slot number, or SN, from 0 to 7). Slot is the minimum scheduling granularity for PDSCH and PUSCH.
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Figure 3 Time structure for M-hyperframes, M-superframes and M-frames
4.3 Burst structure
A burst is defined as the content of physical channel with a variable duration of one or several slots. There are three burst types:
1. Synchronization and broadcast burst in PBSCH. Each synchronization and broadcast burst has a fixed length of one M-frame duration.
2. DCI burst in PDSCH. Each DCI burst contains two parts, the fixed-length part and the variable-length part. The reason for a variable length is that the scheduling information is variable depending on the number of users being scheduled. The length of viariable-length part is indicated in the fixed-length part.
3 Non-DCI burst in PDSCH and PUSCH, each non-DCI burst have variable length. This is used for random access as well as data transmission in PUSCH. With a long symbol duration (e.g. 266.7us in the case of 3.75KHz symbol rate), the uplink symbol timing is considered robust enough for rancom access.
The burst structures for normal coverage are suggested to be defined as follows:

1. A broadcast and synchronization burst lasts 80ms, containing two parts: broadcast information and synchronization sequence. A diagrammatic representation of one broadcast and synchronization burst structure is in Figure 4.
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Figure 4 Broadcast and synchronization burst structure in PBSCH
2. The fixed-length part of a DCI burst lasts 30ms (3 slots). A diagrammatic representation of this is in Figure 5,where preamble symbols are used for re-synchronization when the MTC device wakes up after short DRX/DTX, pilot symbols are used for demodulation. Both can be used for measurement. 
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Figure 5 Fixed-length part of DCI Burst in PDSCH
3. Non-DCI burst in PDSCH or the variable-part of a DCI burst has a variable duration and contains multiple slots. Each slot has a total duration of 120 symbols and contains multiple unit structure A’s, each containing a fixed number of pilot symbols and data symbols. A diagrammatic representation is in Figure 6.
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Figure 6 Variable-length part of DCI Burst and non-DCI burst in PDSCH with unit structure A
4. A non-DCI burst in PUSCH has a variable duration and contains multiple N-slots. Each N-slot contains N slots, where N is a positive integer depending on channel bonding factor B for different uplink channel bandwidth.
Each N-slot contains multiple unit structure A’s (for PSK modulation) or unit structure B’s (for GMSK modulation). The difference between the two unit structures is the proportion of pilot symbols. A diagrammatic representation of non-DCI burst in PUSCH with unit structure A and B is in Figure 7.
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Figure 7 Non-DCI burst in uplink with unit structure A and B
The reason for not placing all pilot symbols in the middle of the burst (as in GSM) is that narrow band transmission is very sensitive to doppler shift and residual frequency error, and the scattered pilot symbols facilitate tracking of channel variation in the receiver.
The pilot symbol overhead for GMSK modulation is higher than that for PSK modulation. It is because GMSK needs guard symbol period for inherent symbol ISI caused by its shaping filter.
Each burst for extended coverage is derived from burst for normal coverage by spreading (at symbol level) and repetition (at burst level). Burst length for extended coverage can be calculated by:
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where SF and RF are the spreading factor and repetition factor, respectively. Both factors can take values from {1,2,4,8, …}.
Synchonization and broadcast burst are designed to cater for the worst coverage areas. DCI burst is designed to outperform non-DCI burst by at least 3 dB in terms of coverage (with a value of SF*RF being at least 2 times higher than non-DCI burst). 
A diagrammatic representation of burst for normal coverage extended by spreading and repetition operation is in Figure 8 .

[image: image9.emf]1 burst for normal coverage contains total N symbols

1 

symbol

1 burst for extended coverage by spreading with factor SF contains total N*SF symbols

1*SF symbols

repetition repetition

1 burst for extended coverage by repetition with factor RF contains total N*SF*RF symbols

N*SF symbols


Figure 8  Burst spreading and repetition for extended coverage
4.4 DCI interval
Downlink control information (DCI) occurs periodicly in time which contains cell-specific or UE-specific control information for both the downlink and the uplink. Each DCI appears at the start of certain frames and lasts for several slots. DCI interval is the time between the start of two adjacent DCIs. 
DCI interval is carried in broadcast information and the value of DCI interval is related to the coverage level. The default value is 320ms (4 frames) for normal coverage and 5120ms (64 frames) for extended coverage. 
A diagrammatic representation of DCI interval for normal coverage and extended coverage is in Figure 9. For example, DCI burst have 3dB margin in normal coverage with SF*RF = 2 and in extended coverage with SF*RF = 32, thus the fixed-length part has a duration of 60ms for normal coverage and 960ms for extended coverage. The difference in duration also applies to the variable-length part.
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Figure 9 DCI interval for normal and extended coverage
5 Downlink
5.1 Physical broadcast and synchronization channel (PBSCH)
A dedicated physical channel (called PBSCH) is used to periodically transmit the synchronization signal and broadcast information.
Synchronization signal consists of two parts: PSS (primary synchronization signal) and SSS (secondary synchronization signal).
PSS is used for signal detection, symbol timing synchronization and initial carrier frequency offset (CFO) estimation. SSS is used for CFO estimation. The Synchronization procedure is illustrated in Figure 10.
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Figure 10  Synchronization procedure
5.2 Physical downlink shared channel (PDSCH)
Figure 11 illustrates the transmitter processing chain of PDSCH. 
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Figure 11 Transmitter processing chain of PDSCH
The output bits from FEC/interleaving are scrambled by applying an XOR logical operation between each output chip and the output of a cell-specific scrambling sequence generator. The scrambling can randomize the inter-cell interference and reduce the impact of long term continuous bit “0” or bit “1”.
Symbol spreading provides additional receiver processing gain at the expense of reduced data rate. Simulation results indicate that spreading performs slightly better than repetition at low speed mobility scenario.
Following spreading, phase rotation e.g. a π/2 rotation per BPSK symbol is used to reduce the PAPR. 
The suggested key parameters of PDSCH are given in the Table 1. BPSK is prefered over GMSK for downlink transmission for the following two resaons,
· The demodulation complexity of BPSK is lower than that of GMSK. This helps to reduce the cost of MTC device.
· GMSK performs not better than BPSK in terms of downlink transmit power. The PAPR of 12 downlink channels (15kHz channel spacing for each channel) using GMSK modulation is almost 10dB which is similar to PARP using BPSK modulation. 
Table 1 PDSCH key parameters
	Modulation type
	QPSK
BPSK
16-QAM

	Pulse shaping
	Root-raised cosine with roll-off factor β = 0.22

	Channel spacing
	15 kHz

	Symbol rate
	12 ksymbol/s

	Symbol spreading factor
	1 for 16-QAM and QPSK
1, 2, 4 and 8 for BPSK

	Burst repetition factor
	1 for 16-QAM and QPSK
1, 2, 4 and 8 for BPSK

	FEC coding
	Convolutional
Rate ¾ and rate ½ for QPSK and 16-QAM
Rate ½ for BPSK


According to Table 1, PHY data rate of PDSCH ranges from 375bps (BPSK modulation, 1/2 code rate and 4X spreading, 4X repetition) to 36kbps (16-QAM modulation, 3/4 code rate, without any spreading and repetition), including pilot symbol overhead.
6 Uplink
6.1 Physical uplink shared channel (PUSCH)
GMSK is suggested to be used as a baseline modulation scheme for the uplink. The reason is two-fold: One is that GMSK can use non-linear power amplifier to improve maximum transmit power. The other is that the constant envelop property of GMSK makes its average transmit power equal to the maximum transmit power.
QPSK and 8PSK can also be considered for the following reasons,
· First, QPSK and 8PSK improves the transmission efficiency for the MTC devices working in good radio environment.
· Second, PSK is more suitable for mobile case. To resist large doppler shift, distributed pilot is much better for channel tracking, rather than preamble or midamble. However, the ISI between adjacent GMSK symbols makes it is necessary to insert additional guard symbols in the pilot pattern, which lower the transmission efficiency. Thus QPSK and 8PSK are more suitable for mobile applications, especially in narrow band system.
Figure 12 illustrates the transmitter processing chain of PUSCH using GMSK modulation. The transmitter processing chain of PUSCH using PSK modulation is illustrated in Figure 11.
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Figure 12 Transmitter processing chain of PUSCH using GMSK modualtion
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Figure 13 Transmitter processing chain of PUSCH using PSK modualtion
Turbo coding is used for forward error correction in the uplink because turbo coding provides better coding gain than covenlutional coding even for small code block size. Althouth the decoding complexity of turbo coding is higher than that of covenlutional coding, the turbo decoding is processed at BTS side and this complexity is acceptable.
The key parameters of PUSCH is defined in Table 2.
Table 2 PUSCH key parameters
	Modulation type
	GMSK
QPSK,8PSK 

	Pulse shaping
	GMSK:Bandwidth-time product 𝛾 = 0.3
PSK: Root-raised cosine with roll-off factor β = 0.22

	Channel spacing
	5 kHz

	Channel bonding factor, B
	1, 2 , 4 and 8

	Symbol rate
	3.75 ksymbol/s * B

	Burst repetition factor
	1, 2, 4 and 8 for GMSK
1 for PSK

	FEC coding
	Turbo
Rates 1/3 and 2/3 for GMSK
Rates 2/3 for PSK


According to Table 2, PHY data rate of PUSCH ranges from 156bps (GMSK modulation, 1/3 code rate,8X repetition, without channel bonding) to 60kbps (8PSK modulation, 2/3 code rate, without repetition, and channel bonding factor 8),not removing the pilot overhead.
7 Conclusions
This contribution describes the physical layer design of NB M2M. The basic idea is to divide a 200 kHz resource block into a large number of narrow band physical channels for both the uplink and downlink. Different types of physical channels are suggested to be used to carry synchronization, broadcast, paging, user data and control signalling, in the form of synchronization and broadcast burst, DCI burst or non-DCI burst. Different spreading and repetition are proposed to cater for different coverage areas. Bursts from different users can be multiplexed on the same physical channel in a TDMA manner.
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