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1. Introduction
In the last RAN1&2 meetings (Kobe, Japan), a Transmission Time Interval (TTI) of 40 ms for the Primary Broadcast Channel (P-BCH) – that is carried over the Physical Broadcast Channel (PBCH) – was agreed. 

Some of the design details were left for further study:

1. Choice of transmit diversity scheme for PBCH.

2. Mapping of the P-BCH bits onto transmission bursts – i.e. whether each burst should be self-decodable or spread over all transmission instances in the 40ms TTI.

3. Number of transmission bursts within 40 ms – i.e. 2 or 4 transmissions.

In this contribution, we present our views on the above listed items.

2. Transmit Diversity Scheme
Notwithstanding the potential use of the S-SCH as a phase reference for P-BCH reception (albeit at the cost of some additional complexity to generate and apply the necessary channel estimate), results in several contributions ([2]

 REF _Ref169067146 \r \h 
[3]

 REF _Ref169067147 \r \h 
[4]) indicate that Space Frequency Block Coding (SFBC) performs better than Precoding Vector Switching (PVS) in most scenarios. While PVS permits transparent operation of the UE receiver, 2nd and 4th order SFBC have already been adopted as the transmit diversity modes applicable to Physical Downlink Control Channel (PDCCH) and Physical Downlink Shared Channel (PDSCH) and so must be supported by the UE. Despite the potential for some additional complexity to discriminate 2- and 4-antenna eNB’s, for these reasons, SFBC appears to be a pragmatic choice to use as the transmit diversity scheme for PBCH. In this contribution, we therefore focus on link simulations with SFBC transmit diversity scheme.
3. Bit Mapping

Figure 1 below shows the cumulative distribution of 
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 in Case 1 and Case 3 system scenarios defined in TR 25.814. A 98% coverage target would require a P-BCH design that would achieve a given link performance target (at 1% FER) at less than or equal to -6.5 dB
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. 

Contribution [5] lists the total range of possible P-BCH payload as 21-37 bits including CRC. Contribution [1] assumes that self-decodable transmissions apply per P-BCH transmission opportunity, and further assumes a P-BCH payload of 48 bits including CRC, comprising two kinds of fields:
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 Figure 1 – Long Term C/I CDF for Case 3 and Case 1
1. Varying (this will be referred to as Part A) – this includes the System Frame Number (SFN) field which is incremented every frame (10 ms) and hence will change within a P-BCH TTI.

2. Non-varying (this will be referred to as Part B) – this includes fields that do not vary within a P-BCH TTI, but which may vary between TTI’s.

While the self-decodable transmission property permits minimum delay before the Master Information Block (MIB) can be recovered and is therefore highly desirable, in [1], separate coding of Part A and Part B is proposed with CRC protection on Part B alone. This method has some disadvantages:

1. Lack of CRC protection on Part A will reduce the reliability of Part A reception.

2. The overall link performance is limited by the link performance of Part A, since Selection Combining is used on part A.

Instead, it is more desirable to improve the overall link performance by applying Chase Combining to Part A (Chase Combining of transmissions with different information with the difference confined to a known small set is explained in the next paragraph). By itself, this will not solve the problem of loss of reliability because of lack of CRC on Part A. This can be resolved by including Part A in the CRC and resorting to joint coding of Part A and Part B to improve the overall link performance.
This leaves the problem of Chase combining the joint codeword when Part A is varying according to the SFN. Multiple transmissions with different information words can be enabled if the difference information word (i.e. the difference between the information words transmitted per P-BCH transmission occasion) is confined to a known, finite, set. When a linear channel code (in this case, the 64-state tail-biting convolutional code) is used, each difference information word maps to a unique difference codeword. Knowledge of this process can then be incorporated at the receiver into the log-likelihood ratio (LLR) generation process.

More specifically, for the 4-transmission case, the SFN of Part A is incremented every 10 ms. The difference between the codewords corresponding to each of the four SFN’s appearing in the 40 ms P-BCH TTI can then be confined to the difference codewords resulting from the SFN-related change in the two least significant bits (LSBs) of the information word (assuming for convenience that the SFN LSBs are mapped to the information word LSBs, although this is not strictly necessary).

By mapping the first 10ms duration of the P-BCH TTI to a frame with an SFN that has ‘00’ as the two LSBs, the base codeword is established. The UE can then predict the set of three possible difference information words, and hence difference codewords, and so – while still unaware of the SFN – enable Chase Combining under each hypothesized difference codeword. Correctly decoding the information word (validated via the CRC check) under one of the hypotheses then permits recovery of the MIB and the SFN (and hence the TTI boundary).

This approach then has the following key advantages:

a) joint coding of Part A and Part B

b) CRC protection applied to both parts

c) each transmission is self-decodable, permitting the earliest possible access to the MIB for UE’s in sufficiently good SINR conditions

A similar approach is applicable to the 2-transmissions per TTI case, with the exception of increased delay and reduced time diversity (depending on the Doppler frequency).

Note that in terms of complexity, assuming the worst-case 4-transmission scenario, the UE has to store no more that 4 instances of the P-BCH codeword LLR’s for combining and decoding purposes. In terms of  computational complexity, when – in the worst-case scenario – 4 observations of the P-BCH are available, the UE must perform one 4th order, one 3rd order and one 2nd order combine and decode, as illustrated in Figure 2. This leads to the total number of operations listed in Table 2.
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Figure 2 – Decoding hypotheses for four P-BCH observations
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1 0 1
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Table 1 – Number of combining and decoding operations

Similar analysis shows that the number of decoding operations is – 

1. 4 when 2 or 3 P-BCH observations are available

2. 1 when 1 P-BCH observation is available.
In a synchronous network (and to a lesser extent in the sub-network comprising co-located cells), the P-BCHs from different cells could possibly contain same information (SFN, bandwidth, etc.,) and will cause interference that is highly correlated to the desired signal. Cell-specific scrambling will alleviate this to some extent. But interference on the observations on different transmissions within a P-BCH TTI will be correlated. Cell specific and transmission specific scrambling applied on the P-BCH transmissions will randomize interference from other cells and de-correlate interference across transmissions within a P-BCH TTI. Further interference randomization could be achieved using cell-specific and transmission-specific channel interleaving. This will introduce a modest increase in complexity (4 decoding operations instead of 1 decoding operation) when only one observation of P-BCH is available because of additional hypotheses related to transmission specific scrambling/channel interleaving, but significant performance enhancement appears unlikely, and so a single per-transmission interleaver is preferred.

It must be noted that the complexity estimates were arrived at assuming that the transmit diversity order (i.e., whether 2 or 4 transmit antennas are present at eNB) is known prior to P-BCH decoding. The complexity estimates must be doubled to account for the additional hypothesis related to transmit diversity order.

Clearly, compared to the number of decoding operations required to decode the PDCCH, the number of combining and decoding operations in this instance is very low. Further, the number of decoding operations does not scale with the carrier bandwidth, and – given the transport block size of 48 bits or less – the per-decode UE complexity is also low. Finally, once the SFN has been established by a single successful decode of the P-BCH, multi-hypothesis decoding is no longer required for any subsequent reception of the P-BCH. The proposed approach therefore enables Chase combining along with early access to the MIB at little computational cost.

An alternate method of channel coding is to exclude the two least significant bits of the SFN from the information payload (thus making the information payload – including CRC – exactly same across transmissions within a P-BCH TTI). The excluded bits could be inferred at the receiver from the sequence of hypothesized transmission specific scramblers/channel interleavers that checks the CRC. Although this method can lead to a simplification of the Chase combining process, the number of decoding hypotheses remain the same.
4. Number of Transmissions
Link simulations were used to determine the number of required transmissions to achieve a 98% coverage target
. 
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Bandwidth (MHz)

1.08 MHz

Number of Subcarriers

72

Channel Coding

64-State Rate 1/3 Tail-biting Convolutional Code

Number of Transmit Antennas

1, 2

Number of Rececive Antennas

2

Channel Model

12 Ray TU Channel Model

Transmit Diversity Scheme

SFBC

Channel Estimation

IFFT Method (RSs within subframe #0 used)

Information Bit Payload

48 bits


Table 2 – Link simulation assumptions
Table 2 above summarizes the important link simulation assumptions. Two different P-BCH formats – TDM and FDM – were simulated. The results are summarized in the following sections.
4.1. Time Division Multiplexed P-BCH Format

Figure 3 below shows subframe #0 (with Normal Cyclic Prefix) in a TDM based design for P-BCH. The region comprising symbols 4, 7, 8 and 9 around the SCH bearing symbols – which exists in both TDD and FDD frame structures and also in frames with both Normal and Extended Cyclic Prefixes – were used in the link performance evaluation to minimize the number of formats.  
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Figure 3 – TDM Design (Number of REs shown for SFBC)

Table 3 summarizes the code rates and the repetition factors (number of transmissions within 40 ms P-BCH TTI) that were evaluated. The earliest OFDM symbol guaranteed available for P-BCH use in the FDD case is symbol 4 (numbered from 0) since – even if MBSFN subframes are inapplicable to subframes #0 and #5 – the extended CP may still be applied in specific unicast deployments. Different configurations with up to 4 OFDM symbols applied to PBCH use appears in Table 3. Unused RE’s in the case of e.g. normal CP could be applied to DL-SCH use. Alternatively, the RM parameters of the P-BCH could be adapted according to the number of symbols assigned to the PDCCH, CP length etc. but this could require the UE to be to read the PCFICH before accessing the PBCH.
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Table 3 – Possible P-BCH Code Rates with TDM (48 Information Bits)

Figure 4 below shows the link performance with TDM format for both single transmit antenna case as well as SFBC. 1% P-BCH FER can be achieved -7.25 dB 
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with a code rate of 1/10 and a repetition factor of 4 with SFBC. With one transmit antenna, a code rate of 1/11 and a repetition factor of 4 achieves 1% P-BCH FER at about -6 dB
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, which will result in 97.5% coverage.
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Figure 4 – P-BCH Link Performance with TDM Design.

The difference in link performance between Separate Coding with Selection Combining and Joint Coding with Modified Chase Combining is shown in Figure 5. Gains in the order of 3-4 dB can be obtained using Joint Coding.
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Figure 5 – Joint vs Separate Coding.
4.2. Frequency Division Multiplexed P-BCH Format

Figure 6 below shows subframe #0 (with Normal Cyclic Prefix) in an FDM based design for P-BCH. There are six Resource Blocks (RBs) in middle 1.08 MHz and they are numbered from 0 to 5. The RBs are placed such that the achievable frequency diversity is maximized. It must be noted that the number of RBs required for a given code rate will be different for frames with Normal Cyclic Prefix and frames with Extended Cyclic Prefix. 

[image: image15.emf]P-BCH Region

3 RBs –96 REs/RB

RS Bearing OFDM Symbol

Data Only OFDM Symbol

S-SCH

P-SCH


Figure 6 – FDM Design (Number of REs shown for SFBC)

Table 4 summarizes the codes rates and the repetition factors (number of transmissions within 40 ms P-BCH TTI) that were evaluated.
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Table 4 – Possible P-BCH Code Rates with FDM (48 Information Bits)

Figure 7 below shows the link performance with FDM format for both single transmit antenna case as well as SFBC. 1% P-BCH FER can be achieved -7.75 dB 
[image: image17.wmf]0

s

EN

with a code rate of 1/12 (3 RBs) and a repetition factor of 4 with SFBC. With one transmit antenna, a code rate of 1/17 (4 RBs) and a repetition factor of 4 achieves 1% P-BCH FER at about -6.75 dB
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. A higher code rate of 1/12.75 (3 RBs) achieves 1% P-BCH FER at -6 dB
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, which will result in 97.5% coverage. For subframes with extended cyclic prefix, 4 RBs will be required to achieve near 98% coverage (because of the reduced number of available REs within an RB). 
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Figure 7 – P-BCH Link Performance with FDM Design

5. Conclusions

We reach the following conclusions concerning P-BCH design:

a) 4 P-BCH transmissions can offer significant benefits over 2 P-BCH transmissions in achieving 98% coverage at 1% FER, and so 4 P-BCH transmissions should be used

b) in order to minimise delay, each P-BCH transmission should be self-decodable, with the same rate matching structure applied to each transmission

c) each P-BCH transmission should jointly convolutionally encode the SFN and MIB information, and a single CRC should be applied to the combination of those fields to form the transport block. Chase combining at the receiver could be simplified by excluding the two LSB’s of SFN from the information payload. 

d) a combination of cell specific and transmission specific scrambling should be applied to each P-BCH transmission, with a scrambling sequence period equal to the 40ms TTI

e) the SFN should be updated with each P-BCH transmission, and the two LSB’s of the SFN should be zero for the first P-BCH transmission per TTI – i.e. 
[image: image22.wmf]mod4
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 for the first P-BCH transmission per TTI

f) TDM and FDM designs achieve very similar coverage performance. To achieve near 98% coverage, 4 OFDM symbols are required with TDM design and 3 RBs are required with FDM design (with normal cyclic prefix). The unused resource elements could be used for PDSCH transmissions. 
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� ‘I’ includes both other-cell interference and thermal noise


� A UE is assumed to be in coverage if it’s P-BCH FER is less than or equal to 1%
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System Simulation Assumptions

		

		Parameter		Value

		Center Frequency (GHz)		2

		Inter Site Distance (m)		500 (Case 2), 1732 (Case 3)

		Bandwidth (MHz)		5, 10, 20

		Penetration Loss (dB)		20

		Speed (km/hr)		3

		Cell Layout		Hexagonal grid, 19 cell sites, 3 sectors per site, Wrap around, minimum drop distance = 35 m

		Path Loss		UMTS 30.03 (with deltaH = 15 m), minimum = 70 dB

		Shadowing		UMTS 30.03 with standard deviation = 8dB

		BS transmit power		43dBm (20 W)

		Inter Site Shadowing Correlation		0.5

		Antenna Pattern		3dB Beam-width = 70degree; Antenna Front-to-back Ratio = 20dB

		Channel Model		PA, TU (Rays moved to the nearest sampling point)

		Intra-site Interference Modelling		Orthogonal

		Inter-site Interference Modelling		AWGN

		BS Transmitter		1 Antenna

		MS Receiver		1, 2 Antennas, Uncorrelated

		MS Noise Figure (dB)		9

		BS antenna gain (dBi)		14

		L3 filtering parameter k		7

		L1 measurement period (ms)		200

		Number of RS symbols per sub-frame per L1 measurement		4, 1

		Frame structure		General frame structure

		Cyclic prefix		Normal cyclic prefix

		Fading model		Zheng-Xiao model





P-BCH Code Rates

		Sym #		Code Rate

				Rep = 1				Rep = 2				Rep = 4

				1Tx		SFBC		1Tx		SFBC		1Tx		SFBC

		4,7		1/5		1/4		1/5		1/4		1/5		1/4

		4,7,8		1/8		1/7		1/8		1/7		1/8		1/7

		4,7,8,9		1/11		1/10		1/11		1/10		1/11		1/10

						4

						7

						10

						5

						8

						11

		RBs		Code Rate

				Rep = 1				Rep = 2				Rep = 4

				1Tx		SFBC		1Tx		SFBC		1Tx		SFBC

		0,2,5		1/12.75		1/12		1/12.75		1/12		1/12.75		1/12

		0,2,3,5		1/17		NA		1/17		NA		1/17		NA

				1/11		1/10		1/11		1/10		1/11		1/10





Link Simulation Assumptions

		

		Parameter		Value

		Bandwidth (MHz)		1.08 MHz

		Number of Subcarriers		72

		Channel Coding		64-State Rate 1/3 Tail-biting Convolutional Code

		Number of Transmit Antennas		1, 2

		Number of Rececive Antennas		2

		Channel Model		12 Ray TU Channel Model

		Transmit Diversity Scheme		SFBC

		Channel Estimation		IFFT Method (RSs within subframe #0 used)

		Information Bit Payload		48 bits
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System Simulation Assumptions

		

		Parameter		Value

		Center Frequency (GHz)		2

		Inter Site Distance (m)		500 (Case 2), 1732 (Case 3)

		Bandwidth (MHz)		5, 10, 20

		Penetration Loss (dB)		20

		Speed (km/hr)		3

		Cell Layout		Hexagonal grid, 19 cell sites, 3 sectors per site, Wrap around, minimum drop distance = 35 m

		Path Loss		UMTS 30.03 (with deltaH = 15 m), minimum = 70 dB

		Shadowing		UMTS 30.03 with standard deviation = 8dB

		BS transmit power		43dBm (20 W)

		Inter Site Shadowing Correlation		0.5

		Antenna Pattern		3dB Beam-width = 70degree; Antenna Front-to-back Ratio = 20dB

		Channel Model		PA, TU (Rays moved to the nearest sampling point)

		Intra-site Interference Modelling		Orthogonal

		Inter-site Interference Modelling		AWGN

		BS Transmitter		1 Antenna

		MS Receiver		1, 2 Antennas, Uncorrelated

		MS Noise Figure (dB)		9

		BS antenna gain (dBi)		14

		L3 filtering parameter k		7

		L1 measurement period (ms)		200

		Number of RS symbols per sub-frame per L1 measurement		4, 1

		Frame structure		General frame structure

		Cyclic prefix		Normal cyclic prefix

		Fading model		Zheng-Xiao model





P-BCH Code Rates

		Sym #		Code Rate

				Rep = 1				Rep = 2				Rep = 4

				1Tx		SFBC		1Tx		SFBC		1Tx		SFBC

		4,7		1/5		1/4		1/5		1/4		1/5		1/4

		4,7,8		1/8		1/7		1/8		1/7		1/8		1/7

		4,7,8,9		1/11		1/10		1/11		1/10		1/11		1/10

						4

						7

						10

						5

						8

						11

		RBs		Code Rate

				Rep = 1				Rep = 2				Rep = 4

				1Tx		SFBC		1Tx		SFBC		1Tx		SFBC

		0,2,5		1/12.75		1/12		1/12.75		1/12		1/12.75		1/12

		0,2,3,5		1/17		NA		1/17		NA		1/17		NA

				1/11		1/10		1/11		1/10		1/11		1/10
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