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1. Introduction
In RAN1 NB_IoT AdHoc, the following agreements have been made regarding PBCH: 

Agreements:
· In FDD mode, NB-PBCH is transmitted in subframe 0 in every radio frame
· In FDD mode, NB-PBCH does not use the first 3 symbols in a subframe at least in in-band operation
· For stand-alone and guard band operations, in the subframe transmitted NB-PBCH, the first 3 symbols contains no NB-PBCH
· NB-PBCH is rate matched around 4 port LTE CRS location based on PCID from NB-SSS
· It is not precluded the PCID from NB-SSS is different from the LTE PCID
· Note that the PCID from NB-SSS and the LTE PCID indicate the same LTE CRS position
· The time interval where MIB remains unchanged is 640 ms
· NB-PBCH consists of 8 independently decodable blocks of 80 ms duration.

· NB-PBCH reuses the following functionalities from LTE PBCH:
· CRC generation and attachment.
· Tail biting convolutional encoding.
· Rate matching.
· Scrambling.
· Modulation.
· Layer mapping.
· Precoding

· From RAN1 point of views, NB-MIB can be 34-bit payload and has a 16-bit CRC
· NB-MIB includes at least
· SFN
· FFS: Detailed information
· FFS on LTE CRS information
· FFS on NB-RS information
· SIB1 scheduling information
· Operation mode
· FFS: Details at least including explicit or implicit signaling
· FFS on CFI
· FFS on system BW
· FFS on FDD/TDD indication

In this contribution, we provide our view on the PBCH and MIB for NB-IoT for MTC. 

2. Design Considerations for PBCH and MIB
Similar to LTE, PBCH carries the master information block (MIB) that contains the basic information to decode the other physical channels. In our view, and following similar design to LTE and eMTC, some desirable design aspects are:
1. Target repetition for the worst case coverage level: 164dB MCL should be attainable in all deployment modes. This can lead to very large repetition level.
2. PBCH signals the system frame number (SFN). As in LTE, this payload can be distributed between the MIB and the PBCH redundancy version (RV)
3. System information related info: MIB can contain the parameters to schedule NB-SIB1 to avoid decoding a control channel. Also, a flag regarding system information change (e.g. value tag) can be included to provide early indication of the need to decode NB-SIB1.

2.1. Details on deployment mode signaling
When deployed in in-band or guard-band there is a 7.5/2.5 offset of 100kHz channel raster with respect to the NB-IoT carrier frequency. If this offset is not signaled to UE, its sampling timing would drift because of having a wrong time/frequency reference. Thus, it is important that the UE knows the raster offset as soon as possible. We propose to signal this information in PBCH, together with the deployment type information/frequency location as follows:
· Similarly to legacy LTE, PBCH carries information about the number of legacy CRS antenna ports in the scrambling of the CRC. The complete set of values for NB-IoT would be as follows:
· 1 port (in-band)
· 2 ports (in-band)
· 4 ports (in-band)
· 0 ports (standalone/guard band).
· For each channel bandwidth of legacy LTE, one RB is fixed in spec to be the anchor RB of that cell bandwidth, i.e., all cells with a given bandwidth will have an NB-IoT anchor RB in the same position. Thus, knowledge of the channel bandwidth suffices to obtain complete information about the frequency location of the NB-IoT RB.
· MIB contains a 3-bit field, similar to the bandwidth in legacy LTE, but with a slightly different meaning depending on the number of CRS ports signaled in CRC scrambling:
· If in-band (1, 2, or 4 CRS antenna ports) this field indicates the bandwidth of the LTE cell. From this value, the UE is able to determine the absolute frequency position of the NB-IoT channel and, therefore, correct the offset with respect to the 100kHz frequency raster. Also, after this information is obtained, CRS can be used for demodulation of other channels.
· If standalone/guard band (0 CRS antenna ports), this field indicates the offset with respect to the 100kHz channel raster. The example values are {0, 7.5, 2.5, -2.5, -7.5}. The first value would indicate a standalone deployment, while the other ones would indicate a guard-band deployment.


Proposal 1: The CRC scrambling of PBCH indicates number of CRS antenna ports. 0 CRS antenna port signals guard-band/standalone operation.
Proposal 2: For each channel bandwidth of LTE, one RB is fixed in the specification as anchor RB.
Proposal 3: Include a field in MIB that indicates the bandwidth of wideband LTE cell for in-band deployment and offset with respect to raster frequency in standalone/guard-band deployment.

3. PBCH coding design for reduced decoding complexity
One of the main roles of PBCH is to convey information about the SFN. One particularity of this type of payload is that, naturally, it changes every radio frame, so combining cannot be directly applied between different transmissions. One option followed in LTE is to include only the MSB of the SFN in MIB, and the two LSB are carried in the PBCH scrambling sequence or redundancy version (RV). While this allows to perform combining across repetitions and still get the entire SFN value, it comes at the cost of an increase in complexity, as the UE has to perform four blind decodes for each PBCH reception, one for every RV hypothesis.
In NB-IoT the period during which the PBCH has to remain unchanged is probably going to be dramatically increased to cope with larger coverage needs. By doing this, the number of blind decodings will be also increased, or some additional information is to be conveyed by the sync channel. For example, from the meeting agreement, a total of 8 blind decodes are needed to decode PBCH. Note that this complexity change is a twofold increase in the number of blind decodings with respect to LTE and adds some information to SSS, which might not be suitable for low-complexity NB-IoT UE. Also, even if the UE can afford to perform these additional decodings, it will create additional power consumption, which is also critical for battery-powered devices. For additional PBCH repetitions for which there is no timing ambiguity (like repetition in subframe 5 for eMTC) there is no additional blind decoding. In Figure 1 we show the UE receiver processing for PBCH reception (without LLR combining, for simplicity). Note that the transmitter changes are minimal for this method, and will reuse most of the mechanisms in legacy LTE (e.g. scrambling, rate matching, etc.) with only a minor variation to include the cyclic shift application.
Observation 1: Keeping PBCH unchanged for a longer time implies increasing the number of blind decodes and/or including some additional SFN information bits in PSS/SSS if we use the legacy scrambling-based method.



Figure 1 PBCH coding/decoding in legacy LTE

In this contribution we propose to change the way different PBCH repetitions (RVs) are transmitted in order to decrease the UE complexity. This change would allow to perform a single blind decode followed by multiple CRC checks at the UE side, and requires only minimal changes in the way PBCH is transmitted. For the sake of simplicity we will use the legacy PBCH structure (40ms TTI with 4RVs) to illustrate our method.
The proposed method is based on a property of TBCC: due to its cyclic nature, a cyclic shift applied to the coded bits results in an equivalent cyclic shift of the payload bits. For example, if we have the set of bits  and we apply the LTE 1/3 TBCC, we get the coded bits , where the superscript refers to each of the three streams corresponding to the systematic and two parity bits, respectively. If we apply a cyclic shift to the input bits , then the output bits would experience the same cyclic shift as . We propose to use different cyclic shifts in different transmission times, such that the UE can reduce the necessary number of blind decodings. For example, if we apply this method to legacy LTE, and assuming the UE does a one-shot decoding of PBCH (without performing LLR combining – more details on the case of combining will be provided below), the UE can perform TBCC decoding without knowing the cyclic shift, and can perform 4 different CRC checks corresponding to the 4 different cyclic shifts over the decoded bits. Note that due to the properties of CRC, a cyclic shift of the payload + CRC will also give a positive CRC check, which is not desirable. This property can be broken by reversing the CRC or by applying a scrambling to the CRC (or to the whole payload), that can be undone at the receiver side. In Figure 2 we show the eNB and UE behaviour for the proposed method. Note that the scheme in Figure 2 requires a single TBCC decode followed by 4 CRC checks, which is much less computationally demanding than the scheme in Figure 1, which requires 4 TBCC decodes followed by 4 CRC checks. This reduction in complexity is expected to be much larger for the case of NB-IoT, as the PBCH update period is going to be longer and, therefore, more RV hypothesis need to be tested.


Figure 2 PBCH decoding with cyclic shift instead of scrambling code to differentiate RVs

Proposal 4:  Use different cyclic shifts of coded bits to differentiate the PBCH RV across repetitions instead of using different scrambling sequences. This method drastically reduces the number of blind decodings for PBCH.
3.1. LLR combining operation 
In the previous section we presented the complexity reduction for the case of a UE not performing combining across RV. Deep coverage UE will likely need to combine several PBCH repetitions, and this will result in an increase of the number of blind decodings for the proposed method if we want to perform optimum processing. In Figure 3 we show the difference with LLR combining processing for shift-based and scrambling-based. For shift-based, in the first subframe we do not have to perform multiple hypothesis for decoding, as the RV will be solved in the CRC check stage. For the second subframe, if our hypothesis is RV0 that means that we should not combine with the previous subframe LLRs, so we need two TBCC decodings. When we accumulated 4 subframes worth of LLR, we have to perform 4 blind decodings in each subframes, which is the same complexity as legacy LTE. Even in this case, the shift-based method has some clear advantages over the scrambling based:
· It gives flexibility to the UE in terms of number of blind decodings. A different implementation (see Figure 4) could use a reduced number of blind decodings (1 in the picture) at the expense of larger decoding delay, as we are combining LLRs corresponding to different payload. Thus, there is a tradeoff between UE complexity and decoding latency. As we will show in the simulation results, the shift-based method outperforms the scrambling-based for every point in this tradeoff (see simulations section), and a reasonable performance is attained with a single decode even when there are 8 different hypothesis for the RV.
· For UE in good coverage, only one blind decoding is needed most of the time even for the optimal approach if we are able to get the PBCH decoding correctly in the first subframe. Thus, the average number of necessary blind decodings to successfully decode PBCH is also reduced, even when an optimal receiver is implemented.
· In order to perform LLR combining it is not necessary to know the absolute cyclic shift index, as the relative cyclic shift of one RV to the next one is constant (e.g. RV0 has no shift, RV1 1-bit shift, RV2 2-bit shift…). Therefore, it suffices to shift the previous set of LLR by this quantity and combine with the current set of LLRs. The absolute cyclic shift will be determined in the CRC checking stage.



Figure 3 Receiver algorithm with LLR combining across 4 RVs with optimal processing: scrambling vs shift based




Figure 4 Suboptimal approach for shift-based decoding

3.2. Simulation results
We evaluated the difference in performance between cyclic-shift based and scrambling based schemes for different complexity and SNR values. The simulation parameters are shown in Table 1.

Table 1 Simulation parameters
	Parameter
	Value

	Channel model
	iid Rayleigh fading

	Number of PBCH RE
	152

	Number of CRS RE
	16

	Number of Tx Antenna
	1

	Payload size
	30 bit + 16 bit CRC

	Number of PBCH repetitions (RVs)
	8

	Initial RV
	Randomly selected with uniform distribution in 0:7



In Figure 5 we show the CDF of the number of necessary PBCH transmissions to correctly decode PBCH. In each of the SNR levels we compare the no-combining case, the UE that performs a single decode per subframe (RV=7), a UE that performs 4 decodes (RV = [0,2,4,7]) and an optimal UE that performs 8 blind decodes per subframe. For the different complexities, we compare the cyclic shift and scrambling based schemes. We have the following remarks
· For scrambling based method, a reduced number of decodings greatly reduces the performance, especially for high SNR values. This is clearly shown in the 0dB plot: the scrambling method is only going to work if the correct RV is selected. That is the reason of the straight line between 1 and 7, as here the decoding errors are mostly due to wrong RV selection.
· For lower SNR values, the performance of cyclic-based with 1 decode is similar to the performance of scrambling with 4 decodes. Thus, for the same performance we get a 4-fold decrease in complexity.
· For all the simulated cases, the 4 hypothesis case with cyclic shift-based PBCH offers a performance that is close to the optimal receiver.
· For every complexity level reduction (1 or 4 decodings) the cyclic shift based method clearly outperforms the scrambling based approach.
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Figure 5 Simulation results for different SNR levels (0, -2, -6 and -8 dB) and different complexity UE for both scrambling and cyclic shift based

Observation 2: The proposed shift-based method provides flexibility in terms of UE implementation. For the same complexity reduction (measured in number of blind decodes), the proposed method outperforms the scrambling-based approach. With this method, it might be affordable to avoid signalling a part of SFN in the sync channel.

4. Conclusion
Proposal 1: The CRC scrambling of PBCH indicates number of CRS antenna ports. 0 CRS antenna port signals guard-band/standalone operation.
[bookmark: _GoBack]Proposal 2: For each channel bandwidth of LTE, one RB is fixed in the specification as anchor RB.
Proposal 3: Include a field in MIB that indicates the bandwidth of wideband LTE cell for in-band deployment and offset with respect to raster frequency in standalone/guard-band deployment.
Observation 1: Keeping PBCH unchanged for a longer time implies increasing the number of blind decodes and/or including some additional SFN information bits in PSS/SSS if we use the legacy scrambling-based method.
Proposal 4:  Use different cyclic shifts of coded bits to differentiate the PBCH RV across repetitions instead of using different scrambling sequences. This method drastically the number of blind decodings for PBCH.
Observation 2: The proposed shift-based method provides flexibility in terms of UE implementation. For the same complexity reduction (measured in number of blind decodes), the proposed method outperforms the scrambling-based approach. With this method, it might be affordable to avoid signalling a part of SFN in the sync channel.







9

image1.emf
Coded bits

Scrambling 1 Scrambling 1 Scrambling 2 Scrambling 3 Scrambling 4

Repeat (eMTC) Repeat (eMTC)

Repeat (eMTC)

Repeat (eMTC)

Tx

Rx

LLR Buffer

Descrambling 

1

Descrambling 

2

Descrambling 

3

Descrambling 

4

Decoding

Decoding

Decoding

Decoding

CRC Check

CRC Check

CRC Check

CRC Check


oleObject1.bin
Coded bits


Scrambling 1


Scrambling 1


Scrambling 2


Scrambling 3


Scrambling 4


Repeat (eMTC)



image2.emf
Coded bits 

Scrambling 1

Shift 1 (can 

be null shift)

Shift 2  Shift 3   Shift 4

Repeat (eMTC) Repeat (eMTC)

Repeat (eMTC)

Repeat (eMTC)

Tx

Rx

LLR Buffer de-

scrambled

Decoding

De-Shift 1

De-Shift 3

De-Shift 4

CRC Check 

(with de-

scrambling)

CRC Check

(with de-

scrambling)

CRC Check

(with de-

scrambling)

CRC Check

(with de-

scrambling)

Interleaving + 

rate matching 

+ scrambling

Interleaving + 

rate matching 

+ scrambling

Interleaving + 

rate matching 

+ scrambling

Interleaving + 

rate matching

De-Shift 2


oleObject2.bin
Coded bits 


Shift 1 (can be null shift)


Scrambling 1


Shift 2 


Shift 3  


Shift 4


Repeat (eMTC)



image3.emf
Tx

RX with Shifts

1 1 2 2 3 3 4

4

Rx

3

Payload change

1

2 1

1BD

2BD

2 1 3

3BD

2 1 3

4BD

4

1

2 1

4BD

4BD

If end of period, do not 

accumulate

2 1 3

4BD

2 1 3

4BD

4

RX with Scrambling


oleObject3.bin
RX with Shifts


1


1


2


2


3


3


4


4


Rx


3


Payload change


1


2


1


1BD


2BD


2


1


3


3BD


2


1


3


4BD


4


Tx


1


2


1


4BD


4BD


If end of period, do not accumulate


2


1


3


4BD


2


1


3


4BD


4


RX with Scrambling



image4.emf
Tx

Rx with shifts

(suboptimal).

Requires 4 CRC checks regardless of the 

number of BD

1 1 2 2 3 3 4

4

Rx

3

Payload change

1

2 1

1BD

1BD

2 1 3

1BD

2 1 3

1BD

4

In this case, we always 

combine to save BD. These 

SF will reduce the SNR, but it 

might still be possible to 

decode


oleObject4.bin
Rx with shifts (suboptimal).

Requires 4 CRC checks regardless of the number of BD


1


1


2


2


3


3


4


4


Rx


3


In this case, we always combine to save BD. These SF will reduce the SNR, but it might still be possible to decode


Payload change


1


2


1


1BD


1BD


2


1


3


1BD


2


1


3


1BD


4


Tx



image5.emf
0 2 4 6 8 10 12 14

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

Number of PBCH transmissions

CDF

SNR 0

 

 

No Combining

Cyclic Shift RV=7

Scrambling RV=7

Cyclic Shift RV=[0,2,4,7]

Scrambling RV=[0,2,4,7]

Cyclic Shift optimal

scrambling optimal


image6.emf
0 2 4 6 8 10 12 14 16 18 20

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

Number of PBCH transmissions

CDF

SNR -2

 

 

No Combining

Cyclic Shift RV=7

Scrambling RV=7

Cyclic Shift RV=[0,2,4,7]

Scrambling RV=[0,2,4,7]

Cyclic Shift optimal

scrambling optimal


image7.emf
0 2 4 6 8 10 12 14 16 18 20

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

Number of PBCH transmissions

CDF

SNR -6

 

 

No Combining

Cyclic Shift RV=7

Scrambling RV=7

Cyclic Shift RV=[0,2,4,7]

Scrambling RV=[0,2,4,7]

Cyclic Shift optimal

scrambling optimal


image8.emf
0 2 4 6 8 10 12 14 16 18 20

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

Number of PBCH transmissions

CDF

SNR -8

 

 

No Combining

Cyclic Shift RV=7

Scrambling RV=7

Cyclic Shift RV=[0,2,4,7]

Scrambling RV=[0,2,4,7]

Cyclic Shift optimal

scrambling optimal


