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NB-CIoT – Uplink Physical Layer Design
1
Introduction

At GERAN#62, a new SI [1] was approved to study cellular support for ultra-low complexity and low throughput IoT. 

This submission describes the uplink physical layer design for the Narrowband Cellular IoT candidate solution (NB-CIoT), formed from the convergence of the NB M2M and NB-OFDM candidate solutions [3].
The uplink physical layer design for NB-CIoT is based closely on the uplink physical layer for the NB M2M candidate solution [2]. For example, the subcarrier symbol rates, subcarrier spacing, modulation and coding are the same as for NB M2M. The main differences compared with NB M2M are as follows:

-
There has been some restructuring of the uplink physical layer description, and associated changes in terminology, in order to provide a coherent overall design when combined with the OFDMA downlink used in the NB-CIoT solution. The example, the slot duration is now 5ms and the uplink sub-channels are now referred to as subcarriers.
-
The GMSK modulation class is now defined as a mandatory modulation. The PSK modulation class remains an optional modulation class. To facilitate this change, and to avoid confusion with the Class-A and Class-B terminology used for NB M2M, the GMSK modulation mode is now referring to as Class-1, while the optional PSK modulation mode is referred to as Class-2.
- 
The CBS tables have been replaced with a formulaic description, as this is more compact and also is helpful when considering implementation complexity.
2
Uplink physical layer design

2.1 
Basic transmission scheme

2.1.1
Multiplexing scheme
2.1.1.1
Frequency domain structure
The 200 kHz uplink resource block is sub-divided into 36 uplink subcarriers, which occupy a total of 180 kHz, plus a 10 kHz guard band at each edge. The spacing between the uplink subcarrier center frequencies is 5 kHz. This is illustrated in Figure 1.
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Figure 1: Uplink subcarriers for non-bonded case
The subcarriers are numbered UL_SC = 0 to 35, with UL_SC = 0 representing the lowest frequency subcarrier. The center frequency, FUL(UL_SC), of each subcarrier relative to the lowest frequency of the resource block is given by:

FUL(UL_SC) = (UL_SC + 0.5) * 5 + 10 kHz

Each base station sector is allocated a number of uplink subcarriers according to the selected frequency re-use ratio.

Each subcarrier is modulated as a single carrier with individual pulse-shaping. Supported modulations are Gaussian-shaped minimum shift keying (GMSK), which has the benefit of the constant envelope property, and Phase Shift Keying (PSK), which can provide higher spectral efficiency. 
The uplink uses the principle of Frequency Division Multiple Access (FDMA) in which the subcarriers are separated in frequency through pulse-shaping. This is in contrast with OFDMA in which the subcarriers are not pulse-shaped, and instead orthogonality between subcarriers is maintained through the use of a cyclic prefix, requiring more accurate time and frequency alignment between users. FDMA has been selected as the uplink access method for NB-CIoT in order to facilitate low complexity and energy efficient MS transmitter implementations.

For MSs that have good link budget, it is beneficial to increase the uplink data rate in order to reduce the duration of the transmissions and so improve energy consumption. Increasing the uplink data rate is achieved by bonding the uplink subcarriers into wider bandwidth subcarriers, as illustrated in Figure 2. A bonded subcarrier is still modulated as a single carrier, but with a higher symbol rate, so the peak to average power ratio (PAPR) of the MS transmission is not increased. For example, when GMSK modulation is used, the bonded subcarrier retains the constant envelope property.
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Figure 2: Example of bonded uplink subcarriers
When a contiguous block of uplink subcarriers, numbered from UL_SClow to UL_SChigh, are combined into a single bonded subcarrier, the bonded subcarrier is numbered UL_SClow, and its center frequency is given by (FUL(UL_SClow) + FUL(UL_SChigh)) / 2.

2.1.1.2
Time domain structure
The symbol rate for an unbonded subcarrier is 3750 symbols/s. The symbol rate for a bonded subcarrier using a bonding factor of B is 3750*B symbols/s.

Uplink slots have the same duration of 5ms as downlink slots. 

For uplink transmissions without subcarrier bonding, the minimum scheduling unit for PUSCH is eight slots, corresponding to 40ms (150 symbols). 
For uplink transmissions using subcarrier bonding with a bonding factor of 2, the minimum scheduling unit for PUSCH is four slots, corresponding to 20ms (150 symbols).
For uplink transmissions using subcarrier bonding with a bonding factor of 4 or 8, the minimum scheduling unit for PUSCH is two slots, corresponding to 10ms (150 symbols for a bonding factor of 4, or 300 symbols for a bonding factor of 8).

2.1.2
Uplink shared channel
A single PUSCH burst type is defined, which is used to carry random access messages as well as data and signalling information. 
The supported burst durations are defined in Table 3 and Table 5 in subclause 2.1.3.8, and correspond to an integral number of minimum scheduling units, as defined in section 2.1.1.2.

Depending on the Modulation and Coding Scheme (MCS) that is selected for the PUSCH transmission, the burst may be repeated a number of times when being transmitted to provide improved coverage, as indicated by the “repetition factor” field in Table 2 and Table 4 in subclause 2.1.3.8. The term “burst” is applied to a single repetition. The repetitions of a burst are contiguous in time.
The structure of the PUSCH burst is shown in Figure 3. Pilot symbols are inserted at regular intervals into the stream of data symbols to enable channel tracking, as defined in subclause 2.1.3.5. 
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Figure 3: PUSCH burst structure
Non-random access PUSCH bursts are scheduled by a PDCCH burst in the downlink, and the number of slots occupied by the PUSCH burst is indicated in the scheduling information contained in the PDCCH.

2.1.3
Transmission chain
2.1.3.1
Overview
The transmission chains for PUSCH using GMSK modulation and PSK modulation are shown in Figure 4 and Figure 5, respectively.

[image: image4.emf]FEC and rate 

matching

Scrambling

GMSK

modulation

Pilot 

insertion


Figure 4: Transmission chain using GMSK modulation

[image: image5.emf]FEC and rate 

matching

Scrambling

Constellation 

mappling

Phase 

rotation

Pulse

shaping

Pilot 

insertion


Figure 5: Transmission chain using PSK modulation
2.1.3.2
FEC and rate matching

Turbo coding is used for forward error correction (FEC) in the uplink because it provides significantly higher coding gain than convolutional coding, especially for larger block sizes. 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.

The Turbo encoder, Trellis termination and Turbo code internal interleaver is re-used from LTE, see subclause 5.1.3.2 of 3GPP TS 36.212 [4], except that only a portion of code block sizes (i.e. the number of input bits, K, to the Turbo code internal interleaver) are used.
The rate matching procedure is also re-used from LTE, see subclause 5.1.4.1 of 3GPP TS 36.212 [4].

2.1.3.3
Scrambling

The output symbols from the FEC and rate matching are scrambled by applying an XOR logical operation between each output bit and the output of a scrambling sequence generator. The scrambling is beneficial for reducing the potential impact of pathological bit sequences.

The scrambling sequence is defined by a length-31 Gold sequence. The output sequence [image: image6.wmf])
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For random access message transmissions in the PUSCH, the sequence generator is initialized at the start of each burst with a seed Cinit that depends on the physical cell identifier and the frame index corresponding to the start of the burst.
For non-random access message transmissions in the PUSCH, the sequence generator is initialized at the start of each burst with a seed Cinit that depends on the physical cell identifier, the frame index corresponding to the start of the burst, and the MS identifier.
2.1.3.4
Modulation
Two modulation classes are defined for the uplink:

· Class-1 modulation, based on Gaussian-shaped Minimum Shift Keying (GMSK)
· Class-2 modulation, based on Phase Shift Keying (PSK), using π/2-BPSK, π/4-QPSK and π/8-8PSK
Support for Class-1 modulation is mandatory for the MS, while support for Class-2 modulation is optional for the MS. 
The available Modulation and Coding Schemes (MCS) and Code Block Sizes (CBS) for each uplink modulation class are defined in subclause 2.1.3.8. The MCS index and CBS index for a PUSCH burst is indicated within the PDCCH burst that defines the corresponding resource allocation. Therefore, no modulation detection is necessary at the receiver.

The GMSK modulation used in Class-1 is constant envelope which allows power amplifiers to operate with high efficiency, and also facilities lower complexity transmitter implementations since it is a phase-only modulation. However, GMSK has slightly reduced demodulation performance compared with BPSK (by about 0.4 dB in terms of required SNR), and requires a higher pilot overhead for a given channel tracking rate due to the inherent inter-symbol interference caused by the GMSK shaping filter.

π/4-QPSK and π/8-8PSK provide higher spectral efficiency than π/2-BPSK or GMSK, but require higher SNR for demodulation. It is proposed that π/8-8PSK is an optional uplink modulation scheme within Class-2 due to its higher implementation complexity and higher peak-to-average power ratio (PAPR). Higher order modulation schemes are not proposed because of the likely increase in cost/complexity for the MS transmitter due to RF implementation issues.

2.1.3.5
Pilot insertion
The pilot symbols are generated using the same length-31 Gold sequence generator as described in subclause 2.1.3.3.
The sequence generator is initialized at the start of each burst with a seed that depends on the uplink subcarrier index, the physical cell identifier, and the frame index corresponding to the start of the burst.
2.1.3.5.1
Class-1 modulation

For Class-1 modulation, the output bits from the sequence generator, denoted as 
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, are mapped to the pilot symbol sequence, denoted as 
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, according to Table 1. The pilot symbols are injected into the data symbol stream such that 4 pilot symbols are inserted for every 11 data symbols. The pilot symbols are modulated using GMSK in the same manner as the data symbols.
Table 1: Mapping table for Class-1 pilot sequence
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	00
	0011

	01
	0110

	10
	1001

	11
	1100


Note that the use of 4 pilot symbols in each pilot group allows the outer pilot symbols in each group to be discarded as they are impacted by inter-symbol interference (ISI) from data symbols due to the GMSK shaping filter.
2.1.3.5.2
Class-2 modulation

For Class-2 modulation, the outputs bits from the sequence generator are injected into the data symbol stream such that 2 pilot symbols are inserted for every 8 data symbols. The pilot symbols are modulated using BPSK, irrespective of the modulation used for the data symbols.
2.1.3.6
Phase rotation
2.1.3.6.1
Class-1 modulation

For Class-1 modulation, no phase rotation is applied.

2.1.3.6.2
Class-2 modulation

For Class-2 modulation, a π/2 phase rotation per BPSK symbol, or π/4 phase rotation per QPSK symbol, or π/8 phase rotation per 8PSK symbol is applied in order to reduce the PAPR of the modulation. 
The pilot symbols are phase rotated in accordance with the modulation used for the data symbols, even though the pilot symbols are always modulated using BPSK. 
Therefore, the total phase rotation for the kth symbol (indexing from k=0 for the first pilot symbol of the burst), is (kπ/2) for π/2-BPSK, (kπ/4) for π/4-QPSK, and (kπ/8) for π/8-8PSK.

2.1.3.7
Pulse shaping
2.1.3.7.1
Class-1 modulation

For Class-1 modulation, the same shaping function is applied as for GMSK modulation within GSM, but with a symbol period of Ts = 1/3750 for unbonded subcarriers and Ts = 1/(3750*B) for a subcarrier bonding factor of B.
Each data value [image: image18.png]5(i)



 is differentially encoded. The output of the differential encoder is:
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The modulating data value [image: image22.png]a(i)



 input to the modulator is:
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The modulating data values [image: image26.png]a(i)



 as represented by Dirac pulses excite a linear filter with impulse response defined by:
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where the function rect(x) is defined by:
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and * means convolution. h(t) is defined by:
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 = 0.3. 
The phase of the modulated signal is:
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where the modulating index h is 0.5.
In the case that burst repetitions are employed to provide increased processing gain (i.e. repetition factor > 1), the repetitions are contiguous in time and the GMSK shaping is applied continuously across the multiple repetitions.
2.1.3.7.2
Class-2 modulation

For Class-2 modulation, the I and Q samples after phase rotation are pulse shaped with a root-raised cosine filter, which is defined as:
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where Ts = 1/3750 for unbonded subcarriers and Ts = 1/(3750*B) for bonded subcarriers with a bonding factor of B. The root-raised cosine roll-off factor, β, is 0.3.
In the case that burst repetitions are employed to provide increased processing gain (i.e. repetition factor > 1), the repetitions are contiguous in time and the pulse shaping filter is applied continuously across the multiple repetitions.
2.1.3.8
Modulation and coding scheme tables
2.1.3.8.1
Class-1 modulation

Table 2 shows the supported Modulation and Coding Schemes (MCS) for Class-1 for the PUSCH. The PHY data rates shown in the table take account of pilot overheads, but they are approximate as the exact data rate depends on the code block size due to the rate matching process. 
MCS-0 and MCS-1 are included in order to target an MCL even higher than required by the Cellular IoT study. This assures robustness of the system in an interference limited environment and provides some further coverage extension capability. In addition, they may be appropriate for very short code blocks such as used for random access.
Table 2: Modulation and coding schemes for PUSCH, Class-1
	MCS
 index
	Modulation
	Code 
rate
	Bonding
factor
	Repetition
factor
	PHY data rate (kbps)

	0
	GMSK
	1/3
	1
	16
	0.058

	1
	GMSK
	1/3
	1
	8
	0.115

	2
	GMSK
	1/3
	1
	4
	0.229

	3
	GMSK
	1/3
	1
	3
	0.306

	4
	GMSK
	1/3
	1
	2
	0.458

	5
	GMSK
	1/3
	1
	1
	0.917

	6
	GMSK
	2/3
	1
	1
	1.83

	7
	GMSK
	2/3
	2
	1
	3.67

	8
	GMSK
	2/3
	4
	1
	7.33

	9
	GMSK
	2/3
	8
	1
	14.7


Table 3 shows the supported Code Block Sizes (CBS) for Class-1 for PUSCH. The valid CBS indexes for each MCS have been derived by limiting the maximum CBS to 2048 bits (256 bytes) and also limiting the maximum duration of an uplink transmission including the burst repetitions.
Table 3: Code block size for PUSCH, Class-1
	MCS 
index
	CBS 
index
	CBS2 
(bits)
	Burst duration1
(ms)

	0
	0-8
	CBS = map((CBS_index+1)*110/3)

	(CBS_index+1)*40

	1
	0-17
	
	

	2
	0-35
	
	

	3
	0-47
	
	

	4
	
	
	

	5
	
	
	

	6
	0-27
	CBS = map((CBS_index+1)*2*110/3)
	

	7
	
	
	(CBS_index+1)*20

	8
	
	
	(CBS_index+1)*10

	9
	0-13
	CBS = map((CBS_index+1)*4*110/3)
	

	Note 1: Burst duration is for a single repetition (the overall transmission duration is obtained by multiplying the burst duration by the repetition factor for the MCS).

Note 2: This is the number of data bits at the input to the Turbo encoder. The definition of map(x) function is given below, where round() means rounding to the nearest integer where round(0.5) = 1:

if x ≤ 512

map(x) = round((x-40)/8)*8+40

elseif x ≤ 1024

map(x) = round((x-512)/16)*16+512

else
map(x) = round((x-1024)/32)*32+1024


2.1.3.8.2
Class-2 modulation

Table 4 shows the supported Modulation and Coding Schemes (MCS) for Class-1 for the PUSCH. The PHY data rates shown in the table take account of pilot overheads, but they are approximate as the exact data rate depends on the code block size due to the rate matching process. 

A subcarrier bonding factor of 8 is optional for the MS due its increased implementation complexity, especially due to the higher bandwidth of the phase component of the Class-2 modulation in comparison with Class-1 modulation with the same bonding factor.

MCS-0 and MCS-1 are included in order to target an MCL even higher than required by the Cellular IoT study. This assures robustness of the system in an interference limited environment and provides some further coverage extension capability. In addition, they may be appropriate for very short code blocks such as used for random access.
Table 4: Modulation and coding schemes for PUSCH, Class-2
	MCS 
index
	Modulation
	Code rate
	Bonding
factor
	Repetition
factor
	PHY data rate (kbps)

	0
	π/2-BPSK
	1/3
	1
	16
	0.063

	1
	π/2-BPSK
	1/3
	1
	8
	0.125

	2
	π/2-BPSK
	1/3
	1
	4
	0.25

	3
	π/2-BPSK
	1/3
	1
	3
	0.33

	4
	π/2-BPSK
	1/3
	1
	2
	0.50

	5
	π/2-BPSK
	1/3
	1
	1
	1.0

	6
	π/4-QPSK
	1/3
	1
	1
	2.0

	7
	π/4-QPSK
	2/3
	1
	1
	4.0

	8
	π/4-QPSK
	2/3
	2
	1
	8.0

	9
	π/4-QPSK
	2/3
	4
	1
	16.0

	10
	π/4-QPSK
	2/3
	8
	1
	32.0

	11
	π/8-8PSK
	2/3
	8
	1
	48.0


Table 5 shows the supported Code Block Sizes (CBS) for Class-2 for PUSCH. The valid CBS indexes for each MCS have been derived by limiting the maximum CBS to 2048 bits (256 bytes) and also limiting the maximum duration of an uplink transmission including the burst repetitions.
Table 5: Code block size for PUSCH, Class-2
	MCS 
index
	CBS 
index
	CBS2
(bits)
	Burst duration1
(ms)

	0
	0-8
	CBS = map((CBS_index+1)*120/3)

	(CBS_index+1)*40

	1
	0-17
	
	

	2
	0-35
	
	

	3
	0-47
	
	

	4
	
	
	

	5
	
	
	

	6
	0-24
	CBS = map((CBS_index+1)*2*120/3)
	

	7
	0-11
	CBS = map((CBS_index+1)*4*120/3)
	

	8
	
	
	(CBS_index+1)*20

	9
	
	
	(CBS_index+1)*10

	10
	0-5
	CBS = map((CBS_index+1)*8*120/3)
	

	11
	0-3
	CBS = map((CBS_index+1)*12*120/3)
	

	Note 1: Burst duration is for a single repetition (the overall transmission duration is obtained by multiplying the burst duration by the repetition factor for the MCS).

Note 2: This is the number of data bits at the input to the Turbo encoder. The definition of map(x) function is as shown in Table 3.


2.2
Physical layer procedure

2.2.1
Uplink synchronization
The start timing of each uplink transmission from the MS is aligned to the estimated timing of the downlink synchronization signals in PSCH and may also be refined based on the estimated timing of the symbols in subsequent PDSCH bursts. A guard period could be inserted, if needed, at one end of each uplink burst in order to avoid the potential for a collision with a previous burst from a different MS on the same physical uplink subcarrier, even with a worst case difference in round trip delay between the two MS. 

The uplink time of arrival (ToA) for a given MS is initially estimated by the base station receiver using the pilot symbols contained in the uplink burst corresponding to the random access request from the device. Tracking of the uplink ToA can be performed based on subsequent uplink transmissions from the device, using the pilot symbols in each burst. The estimated ToA is used by the base station receiver for the demodulation of the uplink burst. 
2.2.2
Uplink power control
This subclause describes the procedure for open-loop uplink power control. Closed-loop uplink power control could be supported in the future, if required, using a power control field contained in downlink dedicated signalling. The uplink PUSCH transmit power,[image: image38.wmf]PUSCH
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 is set to zero if no higher layer signalling for 
-     j=1 is used for RACH transmissions, and 
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 is the initial target received power for the RACH with the lowest MCS and is the step-size of RACH power ramping. Both 
[image: image58.wmf]0

MCS

P



 and  are provided by higher layers. 
[image: image62.wmf]0

()

mMCSm

DMCSMCS

=D×-



, where  is the power offset for RACH with MCS of index 
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 is the downlink path loss (in dB) estimated by the MS according to  = BaseStationPower – higher layer filtered SSRP, where BaseStationPower is provided by higher layers and SSRP is the measurement result at the MS.
2.2.3
Uplink frequency hopping
Uplink frequency hopping, if enabled, is performed over the set of allocated uplink subcarriers for the base station sector. 
If uplink frequency hopping is enabled, a configurable frequency hopping interval in the time domain is applied to all MSs that are operating in the base station sector. The duration of the hopping interval is broadcast within the system information.  The minimum frequency hopping interval for the uplink is 8 slots, corresponding to 40ms, and the actual frequency hopping intervals must be an integral multiple of the minimum interval.
An uplink burst transmission is mapped to a number of hopping intervals according to the burst configuration, though the burst does not necessarily occupy the entire hopping interval for the first and last intervals.

For the case of non-bonded subcarriers, the allocated uplink subcarriers are sorted in an ascending order of subcarrier index, and then a sorted set of M subcarrier indices
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) is obtained, where M is the number of allocated uplink subcarriers in the base station sector, and N is the total number of subcarriers supported over the available frequency band. 

In the frequency domain, a virtual channel for the burst transmission is derived based on scheduling information, broadcast information, base station sector specific information, etc. The index of the virtual channel is denoted as ICH. Given the burst mapping to the frequency hopping intervals and the index of the virtual channel ICH, the index of the subcarrier which is physically occupied at the kth hopping interval within a frequency hopping cycle is derived according to:
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, mk=(ICH + k × ∆F) mod M
where k=0, 1, …L-1 and L is the number of hopping intervals supported within a frequency hopping cycle. The hopping step ∆F is signalled by the broadcast information elements within the system information.  

For subcarrier bonding factors of 2 and 4, the same hopping scheme is used as for the non-bonding case, but with particular restrictions imposed on the frequency hopping configuration, as follows:

-    The allocated uplink subcarriers in the base station sector should be evenly distributed into multiple groups such that within each group the uplink subcarriers are contiguous in frequency (consecutively indexed in the frequency hopping scheme). The size of the group should be able to accommodate the bonded subcarriers with configured maximum bonding factor.

-    The index of the starting uplink subcarrier within the set of bonded subcarriers is used to label the corresponding aggregate subcarrier. In this way, the subcarrier derived using the same hopping scheme as used for the non-bonding case can be mapped to the corresponding aggregate subcarrier. 

-    The hopping step should be able to support group hopping of the bonded subcarriers within the allocated subcarriers.

For a subcarrier bonding factor of 8, the set of bonded subcarriers would be segmented within the allocated uplink subcarriers for the base station sector if the same frequency hopping scheme was used as for subcarrier bonding factors of 2 and 4; this would result in destroying the single carrier property. In order to preserve the single carrier property with a subcarrier bonding factor of 8, an additional mirroring pattern is inserted periodically within a frequency hopping cycle. The mirroring pattern performs a mirroring function of the index of subcarriers within the set of the allocated subcarriers in the base station sector. The frequency hopping step and maximum bonding factor can be taken into account in the determination of the appropriate mirroring interval. The mirroring interval is expressed as an integer number of frequency hopping intervals, with a restriction that at least one set of bonded subcarriers with maximum bonding size is not segmented during the mirroring interval. The mirroring interval is configured in the system information.

Given the index of the virtual channel 
[image: image80.wmf]CH

I

 in a burst transmission, the index of the subcarrier physically occupied at the k-th hopping interval within a frequency hopping cycle is derived according to:
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where L is the number of hopping intervals within a frequency hopping cycle, J is the mirroring interval in terms of the number of hopping intervals, and B is the number of bonded subcarriers (B=1 for non-bonding case).
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