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1 Introduction

Sierra proposes that the PBCH gain target for improving coverage by 15dB (as stated in [2]) is 10.7 dB (6.7dB plus approximately 4dB required to recover the loss of diversity gain due to having only one receiver and antenna). New simulation results for the PBCH Correlation decoder are included within considering this new PBCH gain target of 10.7 dB. 
In addition, at the previous RAN1 meeting (#73 in Fukuoka) simulation results were presented for the PBCH Correlation decoder [1] but upon further investigation some issues were discovered in simulation.  This contribution includes revised simulation results with corrections applied.  With the corrections, our baseline legacy PBCH decoder simulation results now correspond closely to the values given by others including NSN and Nokia in [4].
Further simulation results are included; considering a carrier frequency offset, considering knowing the fixed bits in the PBCH (warm boot case), and correlation on de-rate matched symbols (vs the 1920 symbols before de-rate matching). A new MIPS estimate is also presented for the case were correlation is done on the de-rate matched symbols.
2 Corrected performance results

The simulation corrections that were made compared with our earlier simulations [1] are as follows.
1. Calculation of channel gain (affected the calculation of SNR and the ideal channel estimates that were used)
2. Fixed a bug in the channel estimation algorithm  (improved the imperfect channel estimate results)
The above two corrections affected both the legacy decoder results and the PBCH Correlation decoder results. With these corrections, the legacy decoder results now correspond very closely to the values given by NSN and Nokia in [4].
Figure 1 below shows simulation results for the legacy PBCH decoder and the PBCH Correlation Decoder with sequence lengths 4, 8 and 16 with perfect and imperfect channel estimation with the simulation corrections:
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Figure 1  PBCH correlation decoder performance for 2x2 antenna configuration, EPA 1Hz channel, channel estimation using 10 subframe averaging, no freq. offset, BW = 1.4 MHz and fc = 2.0 GHz
Table 1:  PBCH Correlation Decoder Performance Summary with imperfect channel estimation and no CFO
	Corr_

Seq_Length

(frames)
	Coverage Gain

at Pmiss bch = 1%

[dB]
	Processing

(Encoding +

Correlation)

[MInstructions]
	Memory [KB]
	Total decoding Time for
100/200/400 

MIPS DSP 

[msec]

	4
	7.5
	165
	7.5
	1652 / 826 / 413

	8
	11
	260 
	15.0
	2596 / 1298 / 649

	16
	14
	448
	30.0
	4482 / 2241 / 1121


For example, the results show that for a sequence length of 8 frames, with imperfect channel estimation and at a 1% miss probability, the PBCH correlation decoder yields a coverage gain of about 11 dB with respect to the conventional legacy decoder.
3 Carrier Frequency Offset performance results

Figure 2 below shows simulation results including the effects of a 100 Hz CFO with 200ms averaging for the legacy PBCH decoder and the PBCH Correlation Decoder with sequence lengths 4, 8 and 16 for imperfect channel estimation:
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Figure 2  PBCH correlation decoder performance for 2x2 antenna configuration, EPA 1Hz channel and imperfect channel estimation using 10 subframe averaging, freq. offset =100 Hz with 200ms averaging, BW = 1.4 MHz and fc = 2.0 GHz
Table 2:  PBCH Correlation Decoder Performance Summary with imperfect channel estimation and 100Hz CFO
	Corr_

Seq_Length

(frames)
	Coverage Gain

at Pmiss bch = 1%

[dB]

	4
	7

	8
	10.8

	16
	13.8


For example, the results show that for a sequence length of 8 frames, with imperfect channel estimation and 100Hz frequency offset at a 1% miss probability, the PBCH correlation decoder yields a coverage gain of about 10.8 dB with respect to the conventional legacy decoder.

A carrier frequency offset of 100 Hz results in less than 0.5dB loss in performance for all correlation lengths. 
4 Performance results with Correlation on De-Rated Symbols
All of our previous simulations have been done by correlating the output of the descrambled received symbols before de-rate matching. This is as shown below in Figure 3b. For comparison Figure 3a shows how conventional legacy decoding is usually implemented.

The correlation decoder could be implemented after de-rate matching as shown in Figure 3c, for a factor of 16 saving in the amount of calculation and memory necessary. There will be 120 symbols to correlate rather than 1920. 
[image: image1.wmf]
Figure 3a [image: image5.png]BLER

—6—legacy
7 regular cort
de-rate matching|

corr
de-rate matching

warm-boot corr

14 2 10 8 -6 4
SNR (0B)



 Legacy PBCH Decoding
Figure 3b  PBCH Correlation Decoding before De-Rate Matching (our previous results)
Figure 3c  PBCH Correlation Decoding after De-Rate Matching (See Figure 4)
Figure 4 below shows simulation results where correlation is done on the 120 de-rate matched symbols for the legacy PBCH decoder and the PBCH Correlation Decoder with sequence length 8 for imperfect channel estimation and CFO. This is for comparison with Figure 2, above.
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Figure 4 Performance of PBCH correlation decoder (sequence length 8) with imperfect channel estimation implemented after de-rate matching for 2x2 antenna configuration, EPA 1Hz channel, channel estimation using 10 subframe averaging, freq. offset =100 Hz with 200ms estimation averaging, BW = 1.4 MHz and fc = 2.0 GHz
Table 3:  PBCH Correlation Decoder Performance Summary Correlation on De-rate Matched Symbols
	Corr_

Seq_Length

(frames)
	Coverage Gain

at Pmiss bch = 1%

[dB]
	Processing

(Encoding +

Correlation)

[MInstructions]
	Memory [KB]
	Total decoding Time for
100/200/400 

MIPS DSP 

[msec]

	8
	10.5
	16
	0.95
	162 / 81 / 40.5


For example, the results show that for a sequence length of 8 frames, with imperfect channel estimation at a 1% miss probability, the PBCH correlation decoder yields a coverage gain of about 10.5 dB with respect to the conventional legacy decoder. For example, for a sequence length of 8, the processing instructions reduce from 260 Minst. down to 260/16=16 Minst. thus for a 100MIPS DSP the decoding delay would take less than 163 ms.  
These results show that applying a correlation decoder after de-rate matching performs very similarly to when correlation decoding is implemented on the larger number of symbols before the de-rate matching. This reduces calculations and memory by a factor of 16 and gives a corresponding reduction in decoder processing time. 
5  Performance results when most PBCH bits are known (e.g. “warm boot” scenario)
The numbers of processing instructions and decoding time in our previous simulations assume that the RF BW configuration and PHICH configuration are unknown. This requires a search for a match within all of the possible combinations of RF BW (6 possible configurations) and PHICH (8 possible configurations). This number of options is manageable, as shown by the results above, especially when taking advantage of correlation after de-rate matching. If any of the parameters are known a-priori this can help by reducing the number of possible options to correlate which will reduce the required MIPS.

In a case where the wireless terminal is powering on for the first time, or in a new location, none of the parameters may be known and therefore all correlation matches need to be tried. This is the “cold-boot” operating scenario.

In future, the standard maybe modified to utilize some of the ten spare bits in the PBCH field that are currently always set to zeros. This would increase the number of possible correlations that would be required, to an extent that would significantly increase the processing delay. It would  be necessary to perform a full search of all possible combinations when a UE starts up form cold, without any knowledge of the PBCH content.

If the wireless terminal has not moved and has only been off for a relatively short time it may be assumed that it should connect to the same network that it was most recently receiving. In this  “warm-boot” scenario, the content of the PBCH may be assumed to have been stored  known except for the SFN bits,. If a correlation is attempted only to this known PBCH sequence of bits the amount of calculation and the processing time will be less by a factor of 48 when compared with our previous results. This processing delay is not affected by spare bits having been assigned values other than zero. This operating scenario would typically apply to static or low mobility devices performing system reacquisition (or the warm boot scenario). 
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Figure 5 Performance of PBCH correlation decoder (sequence length 8) implemented after de-rate matching, searching only for a single expected PBCH sequence for 2x2 antenna configuration, EPA 1Hz channel, channel estimation using 10 subframe averaging, freq. offset =100 Hz, BW = 1.4 MHz and fc = 2.0 GHz
Table 4:  PBCH Correlation Decoder Performance Summary when mostly PBCH Bits are known
	Corr_

Seq_Length

(frames)
	Coverage Gain

at Pmiss bch = 1%

[dB]
	Processing

(Encoding +

Correlation)

[MInstructions]
	Memory [KB]
	Total decoding Time for
100/200/400 

MIPS DSP 

[msec]

	8
	10.7
	0.34
	0.95
	3.38 / 1.69 / 0.85


For example, the results show that for a sequence length of 8 frames, with imperfect channel estimation at a 1% miss probability, the PBCH correlation decoder yields a coverage gain of about 10.7dB with respect to the conventional legacy decoder which is similar to the previously presented performance. The processing instructions reduce from 260 Minst. down to 260/16*48= 0.34Minst. thus for a 100MIPS DSP the decoding delay would take 3.38 ms.  
The results presented show that when the less dynamic bits in the PBCH (e.g. RF BW, PHICH, and spare bits) are known a-priori, the PBCH correlation decoder is a very effective solution in terms of coverage performance, processing requirements, and time requirements. The less dynamic bits in the PBCH (e.g. RF BW, PHICH, and spare bits) can be determined from stored values from previous system acquisitions (e.g. Cold boots) or from new signalling channels.
Given that in the future releases of the standard, the “spare” bits maybe utilized (i.e. become non-zero), this would increase decode time (i.e. to maximum of 1024X) which may be beyond what is acceptable.  Given this, the usage of a PBCH correlating decoder is more effective when the less dynamic bits in the PBCH (e.g. RF BW, PHICH, and spare bits) are known a priori through other means (e.g. via a new signalling channel or stored from previous system acquisitions).
Conclusion: The PBCH correlation decoder is most effective when some of the bits within the PBCH are known a priori.
6 Conclusions

The above results show that this PBCH decoding technique 

· Can yield significant coverage improvement beyond 10.7 dB if required
· Results in no spectral efficiency loss
· Requires no additional memory or MIPS beyond what should already be available for a low cost UE during the PBCH decoding stage 
· Requires few or no changes to the standards specifications
· The PBCH correlation decoder is most effective when some of the bits within the PBCH are known a priori
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8 Appendix: Processing and Memory Calculations
8.1 Number of Instructions (Correlation + Encoding)
There are two main calculations to be performed. The correlation and the generation of all PBCH sequences to correlate the incoming PBCH symbol stream against.
General basis for the calculations

The number of instructions required to perform the correlation and encoding is given by:


Millions of instructions = MInstC+ MInstE
where,


Instruction to do correlation:
MInstC = BW * PCHICH * Spare * (2SFN_Size) * Lseq * 4/1e6
Instructions to do encoding:
MInstE = BW * PCHICH * Spare * (2SFN_Size) * NPBCHbits * InstPerBit/1e6 
where,
BW = Bandwidth configurations (up to 6)
PCHICH = PCHICH configurations (up to 8)
Spare = Combinations of spare bits (Currently this is 1, all zeros, but it could be up to 2048 (211))
Lseq = Sequence length = (Number of bits processed / (40ms)) * Correlation Sequence Length * Correlation window(ms) 

SFN_Size = 8 (eight most significant bits of System Frame Number encoded in PBCH)
NPBCHbits = # of bits correlation uses per PBCH frame (e.g. 1920 after de-scrambling and 120 after de-rate match) 

InstPerBit = # of instructions required to encode a PBCH bit = 3
Table 1 Calculations
For correlation decoding of an unknown PBCH where the spare bits are known to be zero, the number of instructions is calculated as follows for Table 1.

BW = 6

PCHICH = 8

Spare = 1

NPBCHbits = 1920
Lseq = Sequence length = 1920/40 * 1 or 4 or 8 or 16 * 10 = 480 or 1920 or 3840 or 7680
SFN_Size = 8
Table 3 Calculations
For correlation decoding of an unknown PBCH after de-rate matching, where the spare bits are known to be zero, the number of instructions is calculated as follows for Table 3.

BW = 6

PCHICH = 8

Spare = 1

NPBCHbits = 120
Lseq = Sequence length = 120/40 * 1 or 4 or 8 or 16 * 10 = 30 or 120 or 240 or 480

SFN_Size = 8

Table 4 calculations:
For correlation decoding of a known PBCH after de-rate matching, the number of instructions is calculated as follows for Table 4.

BW = 1

PCHICH = 1

Spare = 1

Lseq = Sequence length = 120/40 * 1 or 4 or 8 or 16 * 10 = 30 or 120 or 240 or 480
SFN_Size = 8

Notes:

The result for Millions of instructions (taking into account both correlation and encoding operations) as a function of the correlating sequence length (CorrLen) are given in the Tables above and the processing time assumes a device with the given processing power.
8.2 Memory 
For the memory calculation, it is assumed that the sequence length bits are encoded “on the fly” since pre-calculating and storing all correlating sequences would typically exceed the memory requirements for a low cost UE (typically on the order of a few hundred KB).  The memory required to perform this operation is 
Memory (KB) = NPBCHbits * CorrLen/1024 
Where:

NPBCHbits = # of bits correlation uses per PBCH frame (e.g. 1920 after de-scrambling and 120 after de-rate match) 

CorrLen = Correlation Sequence Length = length of correlation in PBCH frames (40ms) (e.g. 1 or 4 or 8 or 16)

For Table 1. Correlation before de-rate matching.

NPBCHbits = 1920

For Table 3. Correlation after de-rate matching.

NPBCHbits = 120

For Table 4. Correlation with known PBCH Bits

Will be the same as table 3. 

NPBCHbits = 120
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