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Proposed Text for the TR on the Clean-slate Physical Layer Concept
1 Introduction

A new study item named Cellular IoT was approved at GERAN #62 (see [1]). Two similar “clean-slate” concepts have been proposed in [2] and [3], respectively. This document contains a text proposal for the Cellular IoT TR on the “clean-slate” physical layer concept which is the result of consolidating [2] and [3].
2 Proposed text for the TR
	First Change


5.4
Concept#2 (Clean slate)

5.4.1
General
To support massive number of low throughput MTC devices with a limited number of 200 kHz resource blocks, each resource block is divided into a large number of “narrow band” physical channels which are individually modulated and pulse-shaped. Channelization is done in a frequency division multiplexed (FDM) manner, for both the uplink and the downlink.

The downlink channelization supports efficient frequency re-use, which is important for maintaining overall system capacity, and low complexity equalisation at the UE receiver. It also allows separation of traffic for different UE coverage classes onto different physical channels which allows easier optimisation of MAC characteristics, such as latency, for each coverage class.

The uplink channelization provides a very efficient means to improve the uplink coverage without compromising the uplink capacity. 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. 

Other techniques such as symbol rate spreading and burst rate repetition are employed in both the uplink and the downlink to further extend the coverage.

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 (i.e. there is only one physical channel per carrier). Different types of bursts can be carried on a physical channel, depending on the channel type.
The minimum system bandwidth is a single resource block. Additional resource blocks can be used to increase network capacity, and can have the additional benefit of providing frequency diversity if they are sufficiently separated in frequency. The choice of resource block bandwidth allows the system to be deployed by re-farming one or more GSM carriers. However, other deployment options are also available, such as deploying the system stand-alone in any suitable fragment of spectrum, or potentially within the guard-bands of another system.

The base station operates in RF full duplex mode in order to maximize network capacity. MTC devices operate in half duplex mode to reduce the RF cost.

5.4.2
Downlink physical layer design

5.4.2.1
Basic transmission scheme

5.4.2.1.1
Multiplexing scheme
5.4.2.1.1.1
Channelization
For the downlink, it is proposed that the 200 kHz resource block is subdivided into multiple downlink physical channels, for example 12 channels, which occupy a total of 180 kHz, plus a 10 kHz guard band at each edge. This is illustrated in Figure 5.4.2-1.
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Figure 5.4.2-1.  Downlink channelization
There are two types of downlink physical channels: the physical broadcast and synchronization channel (PBSCH) that carries synchronization signal and broadcast information, and the physical downlink shared channel (PDSCH) that carries data, control information, paging, and signalling, etc.
Each base station sector is allocated a number of downlink channels according to the frequency re-use strategy. At least one downlink physical channel is reserved for PBSCH and is shared between all base stations using code division techniques. The remaining downlink physical channels are used for PDSCH.

A UE is not required to receive multiple downlink channels simultaneously, though must be capable of re-tuning its receiver from one downlink physical channel to a different downlink physical channel.
There is no requirement for different base stations to be time aligned.
This approach to channelization of the downlink has several benefits compared with using a single physical downlink channel that occupies the entire resource block:

-
An IoT network can be deployed using a total of only 200 kHz system bandwidth, since frequency re-use is incorporated within this system bandwidth by allocating subsets of downlink channels to neighbouring base stations.

-
Flexible and spectrally efficient frequency re-use is possible by appropriate selection of the frequency re-use factors according to the coverage enhancement associated with the traffic being carried on each channel.

-
Receiver equalization is very simple for the UE, due to the channel bandwidth being lower than the coherence bandwidth of the propagation channel. This reduces UE complexity whilst making the system performance very robust to channels with large delay spreads (similar to OFDM, though with no requirement for an FFT).

-
The individual pulse shaping of the modulation on each downlink channel means that there is no requirement to time-align base stations since “orthogonality” is achieved by frequency separation.

-
By allocating a single, deterministic physical channel to the BCCH logical channel, a UE can efficiently identify the presence of a Cellular IoT signal and find the strongest base station.

-
Downlink control and traffic to UEs requiring different levels of coverage enhancement can be separated by physical downlink channel, which allows characteristics of the overall system, such as latency, to be optimized separately for each coverage class.

5.4.2.1.1.2
Time structure
The time structure is illustrated in Figure 5.4.2-2.
The longest recurrent time period of the time structure is called a hyperframe and has a duration of 20971520 ms (or 5 h 49 mn 31 s 520 ms).

One hyperframe is subdivided into 4096 superframes which each have a duration of 5120 ms. Superframes are numbered modulo this hyperframe (superframe number, or SFN, from 0 to 4095).
One superframe is subdivided into 64 frames which each have a duration of 80ms. Frames are numbered modulo this superframe (frame number, or FN, from 0 to 63). A frame is the time unit for transmission of the broadcast signal and synchronization information on PBSCH. One frame is also the minimum interval between transmissions of successive downlink control information (DCI) on PDSCH.
One frame comprises eight slots which are numbered modulo this frame (slot number, or SN, from 0 to 7). One slot lasts 10 ms and is the minimum scheduling unit on PDSCH. Unlike in GSM, the eight slots in one frame belong to the same physical channel.
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Figure 5.4.2-2.  Downlink time structure
5.4.2.1.1.3
Burst structure
A burst is an instantaneous transmission of data over a physical channel with a variable duration of one or more slots. There are three types of bursts in the downlink:
1)
Synchronization and broadcast burst. This burst is transmitted on PBSCH and is used for frequency and time synchronization and system information broadcasting. It has a duration of one frame and contains 640 symbols of synchronization sequences and 320 symbols of broadcast information.
2)
DCI (downlink control information) burst. This burst is periodically transmitted on PDSCH and is used to carry cell-specific (e.g. random access resource indicator) or UE-specific control information (e.g. scheduling information) for both the uplink and the downlink. It comprises a fixed-length part with a duration of 3 slots and a variable-length part. The reason for a variable length is that the amount of scheduling information is variable depending on the number of users being scheduled. The length of variable-length part is indicated in the fixed-length part.
3)
Non-DCI burst type 1. This burst is transmitted on PDSCH and is used to carry data and signalling information for higher layers. It has a duration of an integral number of slots, each containing 120 symbols. The length of this burst is indicated in the scheduling information.
The structure of the synchronization and broadcast burst is shown in Figure 5.4.2-3.
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Figure 5.4.2-3.  Synchronization and broadcast burst
The structure of the fixed-length part of a DCI burst is shown in Figure 5.4.2-4. A 20-bit preamble is inserted at the beginning of the burst to facilitate re-synchronization of UEs on wake-up from short DRX/DTX. Pilot symbols are inserted at regular intervals into the stream of data symbols, using 2 pilots for every 8 data symbols, to enable channel tracking and so coherent demodulation. Both preamble symbols and pilot symbols can be used for measurement.
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Figure 5.4.2-4.  Fixed-length part of a DCI burst
Non-DCI burst type 1 and the variable-length part of a DCI burst share the same structure which is shown in Figure 5.4.2-5. The number of slots (i.e. N1) is indicated in the fixed-length part of the corresponding DCI burst. Pilot symbols are inserted in the same way as for the fixed-length part of a DCI burst (see Figure 5.4.2-4).
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Figure 5.4.2-5.  Non-DCI burst type 1 or the variable-length part of a DCI burst
Depending on the intended coverage level, a burst may be repeated a number of times when being transmitted. For instance, the DCI burst is normally designed to outperform non-DCI burst type 1 by at least 3 dB in terms of coverage, hence it is repeated at least twice. The number of repetitions can be fixed or notified to the UEs via the broadcast system information.
5.4.2.1.1.5
DCI interval
The PDSCHs configured for transmission of DCI bursts are indicated in the broadcast system information. DCI bursts are only transmitted at the beginning of a frame. The number of frames between successive DCI bursts, called the DCI interval, is also indicated in the broadcast system information. The DCI interval is specific to the PDSCH where DCI bursts are transmitted and is configured according to the intended coverage level, e.g. 4 frames for normal coverage and 64 frames for extended coverage as shown in Figure 5.4.2-6.
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Figure 5.4.2-6.  DCI interval for normal and extended coverage
5.4.2.1.2
Transmission chain
5.4.2.1.2.1
General
The transmission chains for PBSCH and PDSCH are shown in Figure 5.4.2-7 and Figure 5.4.2-8, respectively.
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Figure 5.4.2-7.  Transmission chain for PBSCH
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Figure 5.4.2-8.  Transmission chain for PDSCH
5.4.2.1.2.2
FEC and interleaving
Convolutional coding with tail biting is utilised on the downlink for forward error correction (FEC) because this provides good coding gain with modest UE receiver complexity, whilst being applicable to the relatively short bursts that are common in a low throughput IoT system. Two coding rates are proposed: rate ½ and rate ¾, where the rate ¾ code is constructed by puncturing the rate ½ code. 

A block interleaver is applied after convolutional encoding to provide time diversity and to improve performance in the case of correlated bit errors. 

5.4.2.1.2.3
Scrambling
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”.
5.4.2.1.2.4
Preamble and pilot insertion
A 20-bit preamble sequence is transmitted prior to a DCI burst. This is used for acquisition of fine symbol timing and for fine frequency error offset estimation.

Pilot symbols are inserted between groups of data symbols in order to facilitate channel tracking during a burst. The data symbols, after constellation mapping, are partitioned into groups of 8 symbols. Each group of 8 data symbols is prefixed with 2 pilot symbols. No pilot symbols are inserted after the final group of 8 data symbols.

The preamble sequence and the pilot symbols are output from a cell-specific PN generator. Both the preamble sequence and the pilot symbols are encoded using BPSK modulation irrespective of the modulation method selected for the data symbols.

5.4.2.1.2.5
Modulation
The proposed downlink modulation schemes are BPSK, QPSK and 16-QAM. These modulation schemes are preferred over GMSK due to their improved demodulation performance, reduced spectral sidelobes, and higher spectral efficiency in the case of QPSK and 16-QAM.
It is anticipated that 16-QAM would only be used for non-DCI burst type 1 transmissions. It may be beneficial for cost reasons to define this as an optional downlink modulation scheme for UEs. 

5.4.2.1.2.6
Spreading
In addition to burst repetition, symbol spreading provides another means of achieving coverage enhancement. Similar to burst repetition, the additional receiver processing gain is achieved at the expense of reduced data rate. The receiver typically performs coherent integration over the spreading sequence for each symbol. Different spreading sequences are used for each base station in order to provide some suppression of inter-cell interference, especially for transmissions that use higher spreading factors. 

Symbol spreading is applied after constellation mapping. For the higher data rate coding schemes, no spreading is applied, so the output chip sequence equates to the input symbol sequence. For lower data rate coding schemes, each modulated symbol is repeated by the spreading factor and then the resulting chip sequence is multiplied by the spreading sequence.
The benefit of symbol spreading compared with burst repetition is that it is possible to achieve the ideal processing gain from coherent combining, in contrast with burst repetitions which suffers from diminishing returns as the number of repetitions increases. However, high symbol spreading factors reduce the maximum channel tracking rate and therefore the tolerance to high Doppler. Therefore, a combination of burst repetition and symbol spreading is proposed.
5.4.2.1.2.7
Phase rotation
Following spreading, a π/2 rotation per BPSK chip, or π/4 rotation per QPSK chip, is applied in order to reduce the peak-to-average power ratio (PAPR) of the modulation. No rotation is applied for 16-QAM modulation.  

The chips associated with the preamble and pilot symbols are phase rotated in accordance with the modulation type used for the data symbols, even though the preamble and pilot chips are always modulated using BPSK. 

The total phase rotation for the k’th chip (indexing from k=0 for the first chip of the preamble, if present, otherwise the first pilot chip), is (kπ/2) for BPSK, (kπ/4) for QPSK, and 0 for 16-QAM.

5.4.2.1.2.8
Pulse shaping
The I and Q samples after phase rotation are pulse shaped with a root-raised cosine filter, as defined below. 
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where Ts =1/12,000 is the chip period and β = 0.22 is the roll-off factor.

5.4.2.1.3 
Transmit diversity Scheme
To improve robustness to fading, the base station may apply space-time block coding (STBC) to the downlink transmission. This is proposed as an optional feature that is suitable for base stations having support for two transmit antennas. STBC is applied after phase rotation and before pulse shaping.

If the sequence of N chips to be transmitted is:

[s0, s1, s2, s3, ... sN-2, sN-1]

then the first transmit antenna transmits the signal vector:

[s0, -(s1)*, s2, -(s3)*,  ..., sN-2, -(sN-1)* ]

and the second transmit antenna transmits the signal vector:

[s1, (s0)*, s3, (s2)*,  ..., sN-1, (sN-2)* ]

5.4.2.2
 Physical layer procedure
e.g. scheduling approach, link adaptation mechanism, time diversity mechanism, cell detection mechanism, power control mechanism, physical layer measurements etc. 

5.4.3
Uplink physical layer design

5.4.3.1 
Basic transmission scheme

5.4.3.1.1
Multiplexing scheme
5.4.3.1.1.1
Channelization
For the uplink, it is proposed that the 200 kHz resource block is subdivided into multiple downlink physical channels, for example 36 channels, which occupy a total of 180 kHz, plus a 10 kHz guard band at each edge. This is illustrated in Figure 5.4.3-1.
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Figure 5.4.3-1.  Uplink channelization
For UEs that have good link budget, it is beneficial to increase their uplink data rate in order to reduce the duration of their transmissions and so improve their power consumption (as an alternative to reducing their transmit power, which may degrade network capacity). This is achieved by bonding the uplink channels into wider bandwidth channels, as illustrated in Figure 5.4.3-2. A bonded channel is modulated as a single carrier, so the peak to average power ratio of the UE transmission is not increased.
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Figure 5.4.3-2.  Use of bonded channels on the uplink, showing x2 and x4 bonding
There is only one type of uplink physical channel: the physical uplink shared channel (PUSCH) that carries data, signalling and random access messages, etc.
Each base station sector is allocated a number of uplink channels according to the frequency re-use strategy.
A UE must be capable of re-tuning its transmitter from one uplink physical channel to a different uplink physical channel.
The use of FDMA on the uplink to increase uplink capacity, through the use of narrow uplink channels, has some important benefits compared with using code division multiple access (CDMA) with wider channels:

-
The narrow channels are individually modulated and pulse shaped with sufficient channel spacing that they are not significantly overlapping in frequency. This means that timing errors, frequency errors and time-varying propagation channels do not significantly erode orthogonality between different users.

-
In comparison, CDMA techniques rely on maintaining orthogonality between the different codes, whether the codes are applied at the symbol rate or the burst repetition rate. This orthogonality can be eroded due to many effects such as frequency errors, timing errors, and time-varying propagation channels. Once orthogonality has been eroded, the “near-far” problem becomes very significant.

-
Consequently, the proposed system has no requirement for closed loop power control, whilst a CDMA based system is likely to require relatively accurate power control. This is an important performance consideration because closed loop power control is ill-suited to an IoT network given that the typical traffic is short and sporadic (in contrast with a voice or data streaming service). Furthermore, minimizing control traffic is crucial to meeting the power consumption targets.

5.4.2.1.1.2
Time structure
The time structure and the definition of slot, frame, superframe and hyperframe are the same as for the downlink.
5.4.2.1.1.3
Burst structure
There is only one type of burst in the uplink:
1)
Non-DCI burst type 2. This burst is transmitted on PUSCH and is used to carry random access messages as well as data and signalling information for higher layers. It has a duration of an integral number of slots, each containing 37.5*B symbols (B is the channel bonding factor). The length of this burst is indicated in the scheduling information.
The structure of the non-DCI burst type 2 is shown in Figure 5.4.3-3. The parameter N2 is indicated in the fixed-length part of the corresponding DCI burst. Pilot symbols are inserted at regular intervals into the stream of data symbols. For BPSK and QPSK modulations, 2 pilots are inserted for every 8 data symbols. For GMSK modulation, 5 pilots are inserted for every 10 data symbols; this allows the outer pilot symbols in each group to be discarded as they are impacted by ISI due to the GMSK shaping filter.
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Figure 5.4.3-3.  Non-DCI burst type 2
Depending on the intended coverage level, a burst may be repeated a number of times when being transmitted.
5.4.3.1.2
Transmission chain
5.4.3.1.2.1
General
The transmission chains for PUSCH using GMSK modulation and PSK modulation are shown in Figure 5.4.3-4 and Figure 5.4.3-5, respectively.
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Figure 5.4.3-4.  Transmission chain for PUSCH using GMSK modulation
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Figure 5.4.3-5.  Transmission chain for PUSCH using PSK modulation
5.4.3.1.2.2
FEC and interleaving
Turbo coding is proposed for forward error correction in the uplink because it provides better coding gain than convolutional coding even for small code block sizes (though the benefit is reduced as the block size becomes small). Although the decoding complexity of turbo coding is higher than that of convolutional coding, the decoding is performed at the base station and the complexity is considered acceptable.
5.4.3.1.2.3
Scrambling
The output symbols 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”.
5.4.3.1.2.4
Modulation
GMSK is proposed as the baseline modulation scheme for the uplink. The benefit of GMSK is the constant envelope property that allows power amplifiers to operate with high efficiency. However, GMSK has reduced demodulation performance compared with linear modulation schemes, and also requires the insertion of more pilot symbols due to the inherent ISI caused by the GMSK shaping filter.

Therefore, BPSK and QPSK are proposed as optional UE modulation schemes. Both modulation schemes can provide improved demodulation performance compared with GMSK and also have reduced spectral sidelobes. Furthermore, in the case of QPSK the spectral efficiency is increased. Higher order modulation schemes are not proposed because of the likely increase in cost/complexity for the UE transmitter due to linearity considerations.

5.4.3.1.2.5
Spreading
Symbol spreading may be applied to the uplink transmissions in a similar manner to the downlink.

5.4.3.1.2.6
Phase rotation
Phase rotation is applied to the BPSK and QPSK modulation in the same manner as the downlink. No phase rotation is applied for GMSK modulation.

5.4.3.1.2.7
Pulse shaping
For BPSK and QPSK modulation, the I and Q samples after phase rotation are pulse shaped with a root-raised cosine filter in the same manner as the downlink, but with a different chip period of Ts=1/3,750. In the case of bonded uplink channels, the chip period, Ts, is reduced by the channel bonding factor, B.

For GSMK modulation, the same shaping function is applied as for GSM GMSK modulation, but with a chip period of Ts=1/3,750 for unbonded uplink channels. In the case of bonded uplink channels, the chip period, Ts, is reduced by the channel bonding factor, B.

5.4.3.2 
Physical layer procedure
e.g. random access design, uplink scheduling approach, link adaptation mechanism, time diversity mechanism, cell detection mechanism, power control mechanism, physical layer measurements etc. 
5.4.4
 Link layer aspects

e.g. random access procedure, control channels and mapping to physical layer resources, traffic channels and mapping to physical layer resources, multiplexing/de-multiplexing principles, priority handling principles, data segmentation and re-assembly principles, retransmission schemes etc.

5.4.5
Radio resource management

e.g. MS states, system information, mobility procedure in different states, radio resource management ( e.g. bearer addition, modification, release principles, admission control principles, mobility management principles, load balancing principles, interference mitigation principles) etc.

5.4.6
Concept evaluation

	End of Changes
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