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3.3
Abbreviations
For the purposes of the present document, the abbreviations given in TR 21.905 [1] and the following apply. 
An abbreviation defined in the present document takes precedence over the definition of the same abbreviation, if any, in TR 21.905 [1].

ACK
Acknowledgement

BLER
Block Error Rate

BS

Base Station

CIoT
Cellular Internet of Things

CN

Core Network

CoAP
Constrained Application Protocol

DL

Downlink

DSP

Digital Signal Processing

DTLS
Datagram Transport Layer Security

GWCN
Gateway Core Network

IC

Integrated Circuit

IP

Internet Protocol

IoT

Internet of Things

LDO

Low Differential Output

MAC
Medium Access Control

MCL
Maximum Coupling Loss

MOCN
Multi-Operator Core Network

MTC
Machine Type Communications

PA

Power Amplifier

PCB

Printed Circuit Board

PSS

Power Saving State

RAM
Random Access Memory

RAU
Routing Area Update

RF

Radio Frequency

RTC

Real Time Clock

Rx

Receive

SAP

Service Access Point

SINR
Signal to Interference Plus Noise Ratio

SMS

Short Message Service

SNDCP
Subnetwork Dependent Convergence Protocol

TAU

Tracking Area Update

TCXO
Temperature Compensated Crystal Oscillator

TU

Typical Urban

UDP

User Datagram Protocol

UL

Uplink

Tx

Transmit

TPSK
Tone-Phase-Shift-Keying

OFDMA
Orthogonal Frequency Domain Multiple Access

SC-FDMA
Single Carrier Frequency Domain Multiple Access

CP

Cyclic Prefix

PUSCH
Physical Uplink Shared Channel

PDSCH
Physical Downlink Shared Channel

PBCH
Physical Broadcast Channel

PSCH
Physical Synchronisation Channel

PRACH
Physical Random Access Channel

PUCCH
Physical Uplink Control Channel

PDCCH
Physical Downlink Control Channel

PCID
Physical Cell ID
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7.2
Narrow Band OFDMA

A narrow band OFDMA (NB-OFDMA) is used in the downlink and single carrier-FDMA (SC-FDMA) in the uplink. This makes efficient spectrum use, allows large volume of devices to be served in a cell and provide extended coverage. For averaging inter-cell interference, subcarrier hopping takes place in both downlink and uplink therefore allowing frequency reuse one deployment. All the subcarriers are reused in every cell. Block hopping is employed in both downlink and uplink.

7.2.1
NB-OFDMA Physical layer design

7.2.1.1

Frequency domain

A 200 kHz spectrum is sub divided into a number of subcarriers and guard bands as shown in Figure 7.2.1.1-1. The fundamental parameters are:

· Tone bandwidth = 2.5 kHz

· Active tones = 72 = 180 kHz

· Guard bandwidth to adjacent 200 kHz channels at either end = 10 kHz
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Figure 7.2.1.1-1. Downlink and uplink channelization

7.2.1.2

Time-domain frame and slot structure

In the time domain a 1 second frame is sub-divided into a number of slots as shown in Figure 7.2.1.2-1. A total of 64 frames constitute a super frame and 4096 super frames make-up a hyper frame.
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Figure 7.2.1.2-1 Hyper and super frames

The downlink frame consists of 163 normal slots and 8 special slots (see Figure 7.2.1.2-2). Normal slots have a duration of 5962.5 s consisting of 14 symbols, 140 samples for the first symbol and 136 samples for the rest.  Special slots have a duration of 3509.375 s consisting of 1116 data samples, 4 leading ramp-up samples, and 3 tailing ramp-down samples. A leading preamble of 12 samples (37.5 s) is added in the beginning of a frame.
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Figure 7.2.1.2-2. Downlink frame and slot structure

There are two uplink frame structures: structure 1 for normal cells with radii less than 8 km (Figure 7.2.1.2.-3) and structure 2 for large cells with radii up to 35 km (Figure 7.2.1.2-4). Uplink frame structure 1 consists of 142 normal slots and 24 extended slots, whereas uplink frame structure 2 consists of 137 normal slots and 24 extended slots. The 24 extended slots are always at the start of the frame. Uplink normal slots have the same structure as downlink slots. An extend slot also consists of 14 symbols but the symbols used in the extended slot have larger cyclic prefix (CP) compared to the CP used in the normal slots. Longer CP ensures transmissions from different mobile stations don’t interfere with each other even when mobile stations don’t know their round trip delay. This situation happens when mobile station is accessing the system hence the extended slots are used to carry random access requests. When mobile station has the correct timing advance to compensate channel round-trip delay then mobile station can use both the normal slots and the extended slots to carry information to the base station without interfering transmissions of other mobile stations. Between the extended and normal slots there is a PRACH Buffer period to prevent the last extended slot from interfering with the first normal slot. Note, start of uplink frame is aligned to the start of downlink frame.
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Figure 7.2.1.2-3. Uplink frame and slot structure (Normal cell radius)
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Figure 7.2.1.2-4. Uplink frame and slot structure (Extended cell radius)

There are in total 4 types of slots defined as follows:

· Type 1 slots include downlink data slots and uplink normal slots. A type 1 slot consists of 14 symbols, each with 128 data samples. Symbol 0 has 12 CP samples and symbols 1 to 13 have 8 CP samples. A type 1 slot has a duration of 5962.5s. The construction of type 1 slots is depicted in Figure 7.2.1.2-5.

· Type 2 slots include extended slots in uplink frame structure 1 (see Figure 7.2.1.2-4). A type 2 slot consists of 14 symbols, each with 128 data samples and 18 CP samples. A type 2 slot has a duration of 6387.5s. The construction of type 2 slots is depicted in Figure 7.2.1.2-6.

· Type 3 slots are used for PUSCH during extended slots of uplink frame structure 2 (see Figure 7.2.1.2-5). A type 3 slot consists of 14 symbols, each with 128 data samples and 8 CP samples. In addition, a silent period of 76 sample durations is inserted before each even-numbered symbol. A type 3 slot has a duration of 7612.5s. The construction of type 3 slots is depicted in Figure 7.2.1.2-7.

· Type 4 slots are used for PRACH during extended slots of uplink frame structure 2 (see Figure 7.2.1.2-4). A type 4 slot consists of 7 symbols, each with 256 data samples and 92 CP samples. Type 4 slot also has a duration of 7612.5s, the same as that of type 3 slots. The construction of type 4 slots is depicted in Figure 7.2.1.2-8.
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Figure 7.2.1.2-5. Structure of type 1 slot
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 Figure 7.2.1.2-6. Structure of type 2 slot
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Figure 7.2.1.2-7. Structure of type 3 slot
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Figure 7.2.1.2-8. Structure of type 4 slot

Time domain parameters:

· Baseband sample rate = 320 kHz (19.2 MHz/60) 

· FFT length = 128 samples = 400 µsec 

· FFT length =256 samples for PRACH symbols in large cell
· Cyclic Prefix (CP) length

· Normal CP: 8 samples (25 µsec)

· Extended CP for normal cells: 18 samples (56.25 µsec)

· Extended CP for large cells: 92 samples (287.5 µsec)

Two type of symbols are defined:
· Extended symbol = 128+18 = 146 samples = 506.94 µsec

· Normal symbol = 128+4 = 132 samples = 458.33 µsec

Every normal slot and extended slot except when used for PRACH and PUCCH consists of 2 pilot symbols and 12 data symbols (Figure 7.2.1.2-9). An extended slot used for PRACH consists of 4 pilot symbols and 10 data symbols (see Figure 7.2.1.2-10). The pilot symbols are used for channel estimation. All types 1 and 3 slots and types 2 and 4 slots that belonging to PUSCH consist of 2 pilot symbols and 12 data symbols as shown in Figure 7.2.1.2-9.
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Figure 7.2.1.2-9. Pilot and data symbols in a slot type 1 &3 and slot type 3 & 4 used for PUSCH
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(a) Extended slot for PRACH

Figure 7.2.1.2-10. Pilot and data symbols in type 3 slot used for PRACH

There are two pilot patterns for type 4 PRACH slots: pattern 1 used for single-tone PRACH and pattern 2 used for two-tone PRACH, as depicted in Figure 7.2.1.2.11. 


[image: image12.emf]Data symbol

Pilot symbol

7symbols

Pilot pattern 1

Pilot pattern 2


Figure 7.2.1.2-11. Pilot and data symbols in type 4 slot used for PRACH

7.2.1.3

Downlink transport channels

Each downlink frame is divided in to 4 different transport channels as shown in Figure 7.2.1.3-1.  The four downlink transport channels are:

· Physical Synchronization Channel (PSCH) – for initial system time and frequency acquisition 

· Physical Broadcast Channel (PBCH) – network and cell specific configuration information

· Physical Downlink Control Channel (PDCCH) – paging, RACH response, DL/UL assignment, ACK to PUSCH, power control

· Physical Downlink Shared Channel (PDSCH) – traffic
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Figure 7.2.1.3-1. Downlink transport channels

Within PDSCH, different segments are time/frequency multiplexed depending on resource allocation algorithms.

7.2.1.3.1
Broadcast channel

The downlink Physical Broadcast channel (PBCH) carries system information for the cell. The PBCH uses two modulation and coding schemes as shown in Table 7.2.1.3.1-1, one to carry the Primary System Information message and the other to carry the remaining system information messages. The Primary System Information message carry’s the frame number hence it’s content changes every frame while the content of the remaining System Information messages are not expected to change every frame. The PBCH modulation and coding is designed to cater for the worst path loss hence the same channel is received by all mobile stations within a cell. Further details of information broadcast on PBCH are provided in section 7.2.2.

Table 7.2.1.3.1-1 PBCH coding and modulation schemes

	Purpose
	Pay load size (Bytes)

(Note)
	No. of tones
	Slots
	Coding rate
	Modulation
	Repetition

	Carry PSI
	44
	18
	0, 1
	1/10
	BPSK
	1x

	Carry SIs
	72
	18
	2,  3, 4
	1/9
	BPSK
	1x


Note: Payload size includes CRC

7.2.1.3.2
Downlink common control channel

The Physical Downlink Control Channel (PDCCH) carries control messages such as downlink assignment messages, uplink assignment messages, uplink ack/nack and paging information. The position of PDCCH within a frame is shown in Figure 7.2.1.3-1. The design of PDCCH allows for 72-bit pay load regardless of path loss, see Table 7.2.1.3.2-1.

Table 7.2.1.3.2-1 PDCCH segment formats

	Downlink Segment Format
	Coverage class
	Pay load size (bits)

(Note)
	No. of tones
	No. of slots
	Coding rate
	Modulation
	Repetition

	1
	5
	72
	4
	13.5
	1/3
	BPSK
	3x

	2
	4
	72
	4
	4.5
	1/3
	BPSK
	1x

	3
	3
	72
	4
	2.25
	1/3
	QPSK
	1x

	4
	2
	72
	4
	1
	3/4
	QPSK
	1x

	5
	1
	72
	4
	0.5
	3/4
	16QAM
	1x


Note: Payload size includes CRC

7.2.1.3.3
Synchronization channel

Physical Synchronization Channel (PSCH) is used by a mobile station that is not time or frequency synchronized with the base station. The initial carrier frequency offset (CFO) can be as large as +/- 18 kHz (20ppm at 900MHz). It is assumed that when a sleep mobile station wakes up for re-sync, the mobile station has no notion of frame structure. 
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Figure 7.2.1.3.3-1. PSCH in a special slot

A PSCH consists of two portions. 

1. Primary Synchronization Signal (PSS): it is used for initial symbol-level time synchronization, and Carrier Frequency Offset (CFO) estimation.

2. Secondary Synchronization Signal (SSS): it is used for frame-level time synchronization by conveying the index of the PSCH special slot within a frame, and carrying cell-specific identity information. SSS is also utilized to refine the CFO estimation and to detect false alarm. SSS consists of two sequences SSS-1 and SSS-2. Each sequence SSS-m carries part of a cell specific identity, and the combination of the SSS-1 and SSS-2 partial identities are used for frame-level time synchronization by conveying the index of the PSCH special slot within a frame, and carrying the Physical Cell Identity (PCID). 
PSS consists of two concatenated identical sequences, each of 410 samples, and cyclic tail bits. Each sequence is generated based on a 205-length maximal length sequence[image: image16.png]


. More specifically, a 255-length Kasami sequence, is truncated to a 205-length sequence.
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In order to cope with the large initial CFO, the BPSK symbols of PSS is 2-bit differentially encoded. At 2x up-sampling rate, each sequence becomes
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PSS is generated by concatenating two copies of [image: image20.png]


 sequences and cyclic tail bits.
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This will results in 2*(2*205)+3*4=832 samples, and a symbol rate of 160 KHz with 25% excess bandwidth to fill 200 kHz. 

SSS signal consists of two sequences, SSS-1 and SSS-2, where each sequence is generated based on a 71-length Zadoff-Chu (ZC) sequence (with 2x up-sampling factor):
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In which [image: image24.png]


 = 71 is the ZC sequence length, and [image: image26.png]


 is the ZC root index of SSS-m. With [image: image28.png]N,.,=71



 and choosing [image: image30.png](uguy) €{1,2,..,70} x {1,2,...,70}



, one can generate up to [image: image32.png]70 x 70 = 4900



 different combinations that are enough to carry 3 bits of sync slot index, and more than 9 bits for the Physical Cell ID.
7.2.1.3.3.1
Synchronization procedure

Time acquisition is achieved by implementing a correlation-based search algorithm to find the PSS sequences. Following considerations have been taken:

1. The PSS sequences presented on CIoT receiver in the form of IQs have been designed not to resemble any existing GERAN symbols; 

2. The PSS symbol period is 160 kHz, so different from GSM signal that neither a GSM MS nor CIoT MS would be falsely cross identified. 

After acquiring time synchronization, the CFO is estimated by evaluating the phase shift between the received PSS symbols. We notice that CFO estimation using the phase shift is prone to a 2π rotation ambiguity issue, and there is a trade-off, between the estimation accuracy and the CFO detection range, depending on the time-separation of the evaluated symbols. Our frequency synchronization algorithm resolves this issue and iteratively reduces the residual CFO by evaluating the phase shift between different sets of received symbols.

After achieving symbol-level time synchronization and frequency offset estimation using the PSS sequences, the transmitted SSS sequence is detected by searching over all possible SSS candidates (a pool of 70 sequences for each SSS sequence). SSS detection will provide additional information required for frame-level time acquisition and achieving cell-specific identity. We further utilize SSS for false alarm detection, by comparing the correlation energy of the two detected sequences against some predetermined threshold.

7.2.1.3.4
Physical downlink shared channel

The Physical Downlink Shared Channel (PDSCH) carries downlink data packets. As an example of PDSCH segmentation, a total of 19 modulation and coding schemes (MCSs) are defined to cater for different coverage classes and payload sizes as shown in Table 7.2.1.3.4-1. 

An exhaustive list of PDSCH segmentations is FFS.

Table 7.2.1.3.4-1 PDSCH segment formats

	Downlink Segment Format
	Coverage class
	Pay load size (Bytes)

(Note)
	No. of tones
	No. of slots
	Coding rate
	Modulation
	Repetition

	1
	5
	26
	4
	26
	1/3
	BPSK
	2x

	2
	
	50
	4
	50
	1/3
	BPSK
	2x

	3
	
	74
	4
	74
	1/3
	BPSK
	2x

	4
	
	100
	4
	100
	1/3
	BPSK
	2x

	5
	4
	28
	4
	14
	1/3
	BPSK
	1x

	6
	
	52
	4
	26
	1/3
	BPSK
	1x

	7
	
	76
	4
	38
	1/3
	BPSK
	1x

	8
	
	100
	4
	50
	1/3
	BPSK
	1x

	9
	3
	24
	4
	6
	1/3
	QPSK
	1x

	10
	
	56
	4
	14
	1/3
	QPSK
	1x

	11
	
	80
	4
	20
	1/3
	QPSK
	1x

	12
	
	104
	4
	26
	1/3
	QPSK
	1x

	13
	2
	36
	4
	4
	3/4
	QPSK
	1x

	14
	
	54
	4
	6
	3/4
	QPSK
	1x

	15
	
	72
	4
	8
	3/4
	QPSK
	1x

	16
	
	108
	4
	12
	3/4
	QPSK
	1x

	17
	1
	36
	4
	2
	3/4
	16QAM
	1x

	18
	
	72
	4
	4
	3/4
	16QAM
	1x

	19
	
	108
	4
	6
	3/4
	16QAM
	1x


Note: Payload size includes CRC

7.2.1.3.5
Transmit chain for downlink channels

In NB-OFDMA, a physical layer PDU is transmitted over one resource block. A number of resource block sizes, together with different MCSs, are provided to support different PDU sizes as shown in previous sections. In the downlink direction there are number of transport channels defined, each utilizing different number of tones, slots, modulation schemes, repetition rates and puncturing patterns. All but one transport channel involve the same process before transmission and this is depicted in Figure 7.2.1.3.5-1. 
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Figure 7.2.1.3.5-1. Transmit chain for PBCH, PDCCH and PDSCH

The Physical Synchronization Channel is a TDM channel utilizing all the tones hence the processes before transmission are different from other OFDMA channels. The processes involved in the PSCH transmit chain are show in Figure 7.2.1.3.5-2.
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Figure 7.2.1.3.5-2 PSCH transmit chain

The pulse shaping filter is the root-raised-cosine filter with roll-off factor 0.15.

7.2.1.3.5.1
CRC Calculation

Parity bits of a PDU are generated by one of the following cyclic generator polynomials:

gCRC16(D)= [D16 + D12 + D5 + 1]

gCRC8(D) = [D8 + D7 + D4 + D3 + D + 1]

The parity bits p0, p1, pk, k=7 or 15 are appended sequentially to the end of the PDU.

7.2.1.3.5.2
FEC and Interleaving
The downlink encoding and interleaving is depicted in Figure 7.2.1.3.5.2-1.
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Figure 7.2.1.3.5.2-1. Downlink encoding and interleaving

The tail biting convolutional code defined in sec. 5.1.3.1 of 3GPP TS36.212 [9] is used as the basis of downlink coding. The encoder shall be initialized by the last 6 information bits of the input stream. The output parity streams of the rate-1/3 encoder, d0(k), d1(k), d2(k), k=0, 1, …,2, …, correspond to generator polynomials 171, 133, 165, respectively.  

In addition to rate 1/3, 3 other coding rates, 1/2, 2/3, and 3/4, are obtained by puncturing the rate-1/3 encoder output streams. 

· For coding rate 1/2, d0(k) and  d1(k)  for any k are transmitted; d2(k) for any k are not transmitted. 

· For coding rate 2/3, d0(k) for any k are transmitted;  d1(k)  for k=0, 2, 4, … are transmitted; d2(k) for any k are not transmitted.

· For coding rate 3/4, d0(k) for k=0, 3, 6, … are transmitted;  d1(k)  for k=1, 2, 4,5,  … are transmitted; d2(k) for any k=0,3,6,… are transmitted.

Let ones in a puncturing pattern indicate the bits in corresponding positions are transmitted and zeros indicate the bits are not transmitted, the puncturing patterns are given in Table 7.2.1.3.5.2-1.

Table 7.2.1.3.5.2-1 Puncturing patterns

	Rate\Stream
	0
	1
	2

	1/2
	[1]
	[1]
	[0]

	2/3
	[1,1]
	[1, 0]
	[0,0]

	3/4
	[1,0,0]
	[0,1,1]
	[1,0,0]


The sub-block interleaver defined in sec. 5.1.4.2.1 of 3GPP TS36.212 [9] is used to interleave the three output streams, respectively.

7.2.1.3.5.3
Rate matching

Rate matching includes bit collection of the three interleaved streams, v0(k), v1(k), v2(k), and bit selection and pruning, as defined in sec. 5.1.4.2.2 of 3GPP TS36.212 [9]  is used to match the number of coded bits to the capacity of the allocated resource block.

7.2.1.3.5.4
Constellation mapping

BPSK, QPSK, and 16QAM with grey-mapping are used for downlink modulation. 

7.2.1.3.5.5
Mapping to Physical Resource Block

Complex symbols after constellation mapping are mapped to a physical resource block by increasing order of  first the index of tones and then  the index of symbols, excluding resource elements allocated to pilots.

7.2.1.3.5.6
Downlink hopping scheme

Mapping of the complex symbols to the subcarriers follows a hopping pattern, similar to LTE type 2 PUSCH frequency-hopping. The hopping is determined by dividing the available [image: image37.png]NEE: ..



 downlink tones into [image: image39.png]NI



 number of downlink sub-bands, where each sub-band consists of [image: image41.png]Nooor = |NZh . /INEE]




 consecutive tones.  The number of sub-bands [image: image43.png]NI



 is given by higher layers, and must be chosen such that the size of a sub-band is at least equal to the maximum number of (consecutive) tones that can be allocated to a transmission block. The definition of such sub-bands allows for two levels of hopping: (a) inter-sub-band hopping, and (b) intra-sub-band hopping.

The scheduling assignment in PDCCH allocates a set of (virtual) tone indices [image: image45.png]Nys



 to the transmission of a block of complex symbols. Note that the size of  [image: image47.png]Nys



 must be smaller than or equal to [image: image49.png]Nooo



. The set of physical tones [image: image51.png]npg(n,)



to be used for the transmission of this block in slot [image: image53.png]


 is determined by the given scheduling assignment [image: image55.png]Nys



 and a predefined hopping pattern as follows,
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 respectively determine intra-sub-band and inter-sub-band hopping. The two hopping functions are defined as below based on a pseudo-random sequence [image: image62.png]c(n)



 (initialized by [image: image64.png]
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 for each frame [image: image68.png]
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	Pseudo-random Sequence Definition
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7.2.1.4

Uplink transport channels

There are three type of uplink physical channels defined (see Figure 7.2.1.4-1) and they are:
· Physical Random Access Channel (PRACH) – for initial random access and on-demand request for PUSCH of active mobile stations

· Physical Uplink Shared Channel (PUSCH) – traffic

· Physical Uplink Control Channel (PUCCH) – ACK/NAK to PDSCH

A detailed description of each of these physical channels is provided in the rest of this section.
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Figure 7.2.1.4-1. Uplink physical channels

7.2.1.4.1
Physical random access channel

The Physical random access channel (PRACH) resource occupies Kprach tones and slot numbers 0, 1, 2, … 23. A number of different PRACH resources can to be defined in the specification (i.e. number of tones, frequencies for PRACH and how the PRACH resources are sub-divided for each coverage class). Furthermore different cells can utilize different Kprach tones to minimize inter-cell interference and to facilitate this a small number of PRACH resource origins can be specified in the specification. The PRACH resource structure and position is then provided in the system information sent on PBCH. 

PRACH resource for each coverage class is sub-divided into segments where a PRACH segment consists of one tone over a number of slots. Tone hops every slot so as to assist the base station to measure the time-of-arrival for uplink timing control. A number of modulation and coding schemes are proposed to be used for a PRACH (see Table 7.2.1.4.1-1 for normal cells and Table 7.2.1.4.1-2 for large cells with radii greater 8 km), one modulation and coding scheme for each coverage class. 

Table 7.2.1.4.1-1 PRACH modulation and coding schemes for normal cells
	
	Modulation and Coding Scheme

	
	1
	2
	3
	4

	Coverage Class
	4
	3
	2
	1

	Modulation 
	BPSK, 
	BPSK, 
	BPSK, 
	QPSK

	Coding rate
	1/5
	2/5
	3/5
	3/5

	No. of slots for a PRACH segment
	12
	6
	4
	2

	No. of segments/tone/ frame
	2
	4
	6
	12


Table 7.2.1.4.1-2 PRACH modulation and coding schemes for large cells

	
	Modulation and Coding Scheme

	
	1
	2
	3

	Coverage Class
	3
	2
	1

	Modulation 
	(2,2)-TPSK 
	BPSK, 
	QPSK, 

	Coding rate
	1/6
	½
	3/4

	Pilot Pattern 
	2
	1
	1

	No. of slots for a PRACH segment
	24
	12
	4

	No. of segments/2 tones/ frame
	1
	4
	12


See Figure 7.2.1.2.11 for definitions of pilot patterns used for PRACH in large cells.
Based on the mobile station path loss profile, Kprach tones reserved for the PRACH channel is divided into L1, …, L4 tones for MCS 1, 2 3, 4 respectively. Before transmitting, a device determines its MCS based on its path loss and then randomly generates one of LmSm segments to send PRACH.
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 Figure 7.2.1.4.1-1 Example PRACH allocation

7.2.1.4.2

Physical uplink shared channel

The Physical Uplink Shared Channel (PUSCH) carries uplink data packets. As an example, a total of 20 modulation and coding schemes (MCSs) are defined to cater for different coverage classes and payload sizes as shown in Table 7.2.1.4.2-1. 
An exhaust list of PUSCH segmentations is FFS.

Table 7.2.1.4.2-1 PUSCH segment configuration

	Uplink MCS
	Coverage class
	Pay load size (Bytes)

(Note)
	No. of tones
	No. of slots
	Coding rate
	Modulation
	Repetition

	1
	5
	25
	1
	100
	1/3
	BPSK
	2x

	2
	
	50
	1
	200
	1/3
	BPSK
	2x

	3
	
	75
	1
	300
	1/3
	BPSK
	2x

	4
	
	100
	1
	400
	1/3
	BPSK
	2x

	5
	4
	25
	1
	50
	1/3
	BPSK
	1x

	6
	
	50
	1
	100
	1/3
	BPSK
	1x

	7
	
	75
	1
	150
	1/3
	BPSK
	1x

	8
	
	100
	1
	200
	1/3
	BPSK
	1x

	9
	3
	26
	2
	26
	1/3
	(2,2) TPSK
	1x

	10
	
	52
	2
	52
	1/3
	(2,2) TPSK
	1x

	11
	
	76
	2
	76
	1/3
	(2,2) TPSK
	1x

	12
	
	100
	2
	100
	1/3
	(2,2) TPSK
	1x

	13
	2
	27
	4
	6
	3/4
	(4,4) TPSK
	1x

	14
	
	54
	4
	12
	3/4
	(4,4) TPSK
	1x

	15
	
	81
	4
	18
	3/4
	(4,4) TPSK
	1x

	16
	
	108
	4
	24
	3/4
	(4,4) TPSK
	1x

	17
	1
	18
	4
	2
	3/4
	QPSK
	1x

	18
	
	54
	4
	6
	3/4
	QPSK
	1x

	19
	
	72
	4
	8
	3/4
	QPSK
	1x

	20
	
	108
	4
	12
	3/4
	QPSK
	1x


Note: Payload size includes CRC

7.2.1.4.3

Physical uplink control channel

The baseline Physical Uplink Control Channel (PUCCH) occupies one tone in slots 24 – 152 in the entire frame.  A PUCCH consists of multiple PUCCH segments, each of which is one tone over 1 slot.
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Figure 7.2.1.4.3-1. PUCCH segments

* For extended cells there are 5 fewer segments, see section 7.2.1.2.

Each PUCCH segment carries Ack/Nack for downlink packets and which segment index to use by a mobile station is provided in PDCCH. 

Use of more than one consecutive PUCCH segment by a mobile station is FFS.

7.2.1.4.4

Tone-Phase-Shist-Keying

Tone-Phase-Shift-Keying (TPSK) is a modulation scheme that uses both tone and signal phase to carry information. A TPSK modulation with K allocated tones and M-ary phase shift keying is called (K, M)-TPSK. A (K,M)-TPSK modulated signal over the K allocated tones, l0, l1, …lk-1, out of a total of N tones is
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 (1)

A number of TPSK schemes are proposed as given in Table 7.2.1.4.4-1.

Table 7.2.1.4.4-1 Different TPSK modulation schemes

	Modulation
	(2,2)-TPSK
	(4,4)-TPSK
	(4,8)-TPSK
	(8,8)-TPSK

	Bits/ tone
	1
	1
	1.25
	0.75

	Bits/symbol
	2
	4
	5
	6


The bit-to-symbol mapping of (2,2)-TPSK is given in Table 7.2.1.4.4-2 and of (4,4)-TPSK is given in Table 7.2.1.4.4.3.

Table 7.2.1.4.4-2 Bit-to-symbol mapping for (2,2)-TPSK.

	Input bits
	00
	01
	10
	11

	Symbols in increasing order of tones
	1,0
	0,-1
	0,1
	-1,0


Table 7.2.1.4.4-3 Bit-to-symbol mapping for (4,4)-TPSK.

	Input bits
	0000
	0001
	0010
	0011
	0100
	0101
	0110
	0111

	Symbols in increasing order of tones
	1,0,0,0
	i,0,0,0
	0,1,0,0
	0,i,0,0
	0,0,1,0
	0,0,i,0
	0,0,0,1
	0,0,0,i

	
	

	Input bits
	1000
	1001
	1010
	1011
	1100
	1101
	1110
	1111

	Symbols in increasing order of tones
	0,0,0,-i
	0,0,0,-1
	0,0,-i,0
	0,0,-1,0
	0,-i,0,0
	0,-1,0,0
	-i,0,0,0
	-1,0,0,0


For (4,8)-TPSK, the first two input bits determine one of the 4 tones to transmit a non-zero value. The remaining 3 tones transmit zeros. The second three bits determine the phase of the non-zero complex value. The mapping of the first 2 input bits to tone index used to carry only non-zero symbol is given in Table 7.2.1.4.4-4. The mapping of the second 3 input bits to the phase, , of the nonzero number exp(i*) is given in Table 7.2.1.4.4-5.

Table 7.2.1.4.4-4 Bit-to-tone mapping for (4,8)-TPSK.

	Bit 0 & 1
	00
	01
	10
	11

	Tone index
	0
	1
	2
	3


Table 7.2.1.4.4-5 Bit-to-phase mapping for (4,8)-TPSK.

	Bit b2,b3,b4
	000
	001
	010
	011
	100
	101
	110
	111

	Phase
	0
	/4
	3/4
	/2
	7/4
	3/2
	
	5/4


For (8,8)-TPSK, the first three input bits determine one of the 8 tones to transmit a nonzero value. The remaining 7 tones transmit zeros. The second three bits determine the phase of the nonzero complex value. The mapping of the first 3 input bit to tone index used to carry the only nonzero symbol is given in Table 7.2.1.4.4-6. The mapping of the second 3 input bits to the phase, , of the nonzero number exp(i*) is given in Table 7.2.1.4.4-7. 

Table 7.2.1.4.4-6 Bit-to-tone mapping for (8,8)-TPSK.

	Bit b0,b1,b2
	000
	001
	010
	011
	100
	101
	110
	111

	Tone index
	0
	1
	2
	3
	4
	5
	6
	7


Table 7.2.1.4.4-7 Bit-to-phase mapping for (8,8)-TPSK.

	Bit b3,b4,b5
	000
	001
	010
	011
	100
	101
	110
	111

	Phase 
	0
	/4
	3/4
	/2
	7/4
	3/2
	
	5/4


7.2.1.4.5
Transmit chain for uplink channels

In NB-OFDMA, a physical layer PDU is transmitted over one resource block. A number of resource block sizes, together with different MCSs, are provided to support different PDU sizes as shown in previous sections. In the uplink direction there are three transport channels defined, namely PRACH, PUCCH and PUSCH. In the current design both PRACH and PUCCH utilize one tone for each transport block while PUSCH can utilize more than one tone, depending on coverage. PUSCH and PRACH transport channels involve similar process before transmission and this is depicted in Figure 7.2.1.4.5-1 and Figure 7.2.1.4.5-2. 
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Figure 7.2.1.4.5-1. Transmit chain for PUSCH
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Figure 7.2.1.4.5-2. Transmit chain for PRACH

For PUCCH, each message consisting of one bit ACK/NACK is mapped to one of two orthogonal sequence of 14 symbols and transmitted within a slot. The transmit chain for PUCCH is shown in Figure 7.2.1.4.5-3.
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Figure 7.2.1.4.5-3 PUSCH transmit chain

7.2.1.4.5.1  CRC Calculation
Parity bits of a PDU are generated by one of the following cyclic generator polynomials

gCRC16(D)= [D16 + D12 + D5 + 1]

gCRC8(D) = [D8 + D7 + D4 + D3 + D + 1]

The parity bits p0, p1, pk, k=7 or 15 are appended sequentially to the end of the PDU.

7.2.1.4.5.2  FEC and Interleaving
The turbo coding defined sec. 5.1.3.2 of 3GPP TS36.212 [9] is used for uplink coding. An additional entry for turbo code internal interleaver parameters are added to Table 5.1.3-3 of 3GPP TS36.212 [9] for input of 24 bits as given below.

Table 7.2.1.4.5.2-1 Turbo code internal interleaver parameters for input of 24 bits

	
	f1
	f2

	24
	11
	6


The sub-block interleaver defined in sec. 5.1.4.2.1 of 3GPP TS36.212 [9] is used to interleaving the three output streams of turbo encoder, respectively. The output of the three sub-block interleavers are v0(k), v1(k), and v2(k).

7.2.1.4.5.3  Rate Matching

Rate matching includes bit collection of the three interleaved streams, v0(k), v1(k), v2(k), and bit selection and pruning, as defined in sec. 5.1.4.2.2 of 3GPP TS36.212 [9] is used to match the number of coded bits to the capacity of resource block.

7.2.1.4.5.4  Scrambling
FFS.

7.2.1.4.5.5  Constellation Mapping

BPSK, TPSK, and QPSK are used for uplink modulation.
7.2.1.4.5.6  Mapping to Physical Resource Block

Complex symbols after constellation mapping are mapped to a physical resource block by increasing order of  first the index of tones and then  the index of symbols, excluding resource elements allocated to pilots.

7.2.1.4.7
Uplink hopping scheme

The tone-hopping for the uplink shared channel follows the same pattern as downlink hopping scheme in section 7.2.1.3.5.6. To determine the physical tones allocated to an uplink transmission block, the corresponding uplink parameters must be taken into account; [image: image85.png]


 – the number of available uplink tones,  [image: image87.png]


 – the number of uplink sub-bands, and [image: image89.png]


 – the number of tones within each uplink sub-band.
End of Change
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