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1 Introduction
In RAN1#79 it was agreed as a working assumption that the previous agreements related to PBCH from the Rel-12 work will be the basis also for the Rel-13 work item on “Further LTE Physical Layer Enhancements for MTC”, as summarized in [1]. This includes the working assumption that the legacy PBCH is used, and is repeated as necessary in order to achieve the desired overall 15 dB coverage enhancement target. A number of repetition options were agreed upon. In RAN1#80, there was an agreement to further narrow down the combinations to be considered. From the RAN1 chairman’s notes one can read:
· Narrow down the options for PBCH coverage enh as follows:
· Agree that we only select ONE of the following options that define the repetition burst within the 40ms PBCH cycle:

· Option 1: Repetition in SF#0

· Option 2: Repetition in SF#0 + repetition in SF#5 in odd frames.

· Option 3: Repetition in SF#0 + repetition in 1 other sub-frame in all frames

· Option 4: Repetition in SF#0 + repetition in 3 other sub-frames in all frames 

· FFS until RAN1#80bis which REs should be excluded for PBCH repetition

· Agree that “user data and MIB repetition are assumed not to be sent in the same PRBs.”

· Agree that we shall only select ONE of the options below for configuration of transmission across 40ms cycles:

· Option A: Always send repetition in every 40ms cycle.

· Option B: Dynamic on/off of repetitions on a per 40x ms cycle basis.

· Option C: Repetition based on pattern(s) across a given number of cycles.

· Choose among Option 1-A or 2-A or 3-B or 3-C or 4-B or 4-C in RAN1#80bis
In [2], simulation results were presented, showing expected acquisition times for Options 1-4, as well as legacy PBCH transmission, at an SNR level corresponding to the targeted overall 15 dB coverage enhancement. These results are recapitulated in this contribution for the reader’s convenience. 
This is an updated version of R1-151223 with some initial simulation results in section 3. The corresponding MATLAB source code is attached to this contribution.

2 Simulation results

Table 1
: MIB acquisition times at MCL = 155.7 dB, corresponding to 15 dB coverage enhancement target (SNR = -14.3 dB)
	# PBCH repetitions per 40 ms
	Acquisition time

	
	90th percentile
	95th percentile
	99th percentile

	4 (Legacy)
	2240
	2760
	4160

	8 (Option 1)
	1000
	1400
	2080

	12 (Option 2)
	720
	960
	1680

	16 (Option 3)
	560
	800
	1280

	32 (Option 4)
	280
	400
	800


Details on the simulations assumptions and results for PBCH repetitions were presented in [2]. Here, the summary of acquisition times is recapitulated in Table 1. It is clearly shown that the worst case acquisition time of several seconds when using legacy PBCH only can be drastically reduced. Looking for example at the 99th percentile results, the acquisition time ranges from over 4 seconds for legacy PBCH down to under 1 second for Option 4, corresponding to 32 transmissions per 40 ms. 

3 PBCH decoding across 40-ms borders
The simulation results presented above rely on soft bit accumulation and decoding of PBCH transmissions during one 40ms. Since the likelihood for successful decoding after only a single attempt is fairly low at the operating conditions corresponding to the targeted 15 dB coverage enhancement, this is repeated until the decoding is successful. Before any MIB decoding has taken place in the cell, only frame boundaries are known, and four different possibilities exist regarding the exact location of the 40 ms boundary. Thus, for soft combining of a PBCH message repeated during the 40 ms cycle, four different hypotheses regarding the boundary have to be maintained.

It has until now been assumed that soft combining over the 40ms boundaries has not been possible, due to the fact that the MIB content changes every 40 ms, because it contains the 8 most significant bits of the 10 bits SFN counter. This also affects the CRC, and after the tail-biting convolutional encoding, the resulting encoded PBCH messages across a 40 ms boundary differ in a non-trivial way. Due to this, it is not possible to perform soft combining in a straightforward manner, as can be done when the repeated encoded message is exactly the same. 
However, upon closer inspection, we have discovered that the changes to the encoded message caused by an incremented SFN counter are in fact very systematic. This is especially true since the difference of the SFN counter between any two PBCH transmissions differing in time by a multiple of 40 ms is known. For other time differences, one has to take into account the same four different possibilities of the 40 ms boundary location as mentioned above.  
This structured impact on the encoded message can be exploited by a decoder in several possible ways. If, for example, a Viterbi decoder is employed, the difference in the encoded message due to the incremented counter can be translated into how branch and path metrics in the decoder are combined, or how the states in the decoder are affected by an incremented counter. This modified decoder is indeed more complex than a standard Viterbi decoder, but the complexity increase is actually fairly limited.  The increased complexity consists of two parts, additional computations and additional memory needs.
When memory can be utilized flexibly, or memory otherwise is not scarce, since not much else is ongoing during the MIB acquisition phase, branch metrics can be calculated and accumulated immediately after each PBCH block is received. This arrangement allows the peak load to be on par with or just above the peak load of a legacy decoder.
An increased number of operations have to be performed upon each decoding attempt to handle the changes in the encoded message inside (e.g.) the Viterbi algorithm. Depending on the actual implementation, a rough estimate is that the instantaneous decoding complexity would increase between 0% and 50%. It shall be noted that the total computational effort decreases compared to using a legacy decoder and additional PBCH repetitions, where if the wireless device fails to decode the repetitions acquired during a 40ms period, it has to start all over again, whereas a modified decoder can continue to accumulate information until the message can be correctly decoded.

Regarding increased memory needs, additional branch and/or path metrics have to be maintained; exact increase again depends on implementation, but can be estimated to somewhere between 100% and 200 % compared to the memory needs for a legacy PBCH decoder.  This is also considered to be a minor problem since the PBCH message size is much smaller (120 soft bits after rate restoration), so the increased memory size is still below what is needed e.g. for handling repeated PDSCH messages. 
The performance gain associated with soft combining over the 40 ms boundaries is considerable. As with most soft combining, approximately 3 dB is gained ideally each time the amount of combined data is doubled. In practice, this number may be slightly less taking e.g. channel estimation into account. From [36.888] the estimated MCL for PBCH amounts to 149 dB for the reference case. Assuming here a generic 4 dB loss due to a single antenna receiver for simplicity, the PBCH reception would need approximately 155.7-149+4 dB = 10.7 dB improvement to meet the 15 dB coverage enhancement level. Thus, ideally it would suffice to combine legacy PBCH transmissions over 4 subsequent 40 ms cycles, i.e. an acquisition time of 160 ms, in order to meet the performance target. This is lower than any of the presented acquisition times for any of the repetition options presented in Table 1. Note that the improved decoding techniques can be utilized also in case the PBCH transmissions are indeed repeated in addition to the legacy transmissions. 
The performance of a decoder employing joint decoding of MIB transmissions over the 40 ms TTI boundaries has been compared with legacy decoding under AWGN simulations at SNR levels close to the desired coverage enhancement target. The enclosed MATLAB function lteJointMIBDecoding.m contains an exemplary implementation of a decoder capable of accumulating MIB transmissions over TTI boundaries, accompanied by a script and auxiliary functions to test the decoder. It should be noted that this implementation is not optimized for performance but for clarity. Readers familiar with the Viterbi decoder will appreciate that the enclosed decoder is based on this, further utilizing the fact that two MIB blocks differing in an incremented SFN counter will cause the encoded bits to be modified with a specific toggling pattern. 
An initial performance comparison of the legacy and joint decoders is shown in Table 2 for two different SNR levels under AWGN channel conditions. In the simulations, only the frame boundaries are known, and thus the starting phase of the PBCH TTI has been randomized to one of the four possible positions. At SNR = -15 dB, which is close to the desired coverage enhancement target, the joint decoder shows a substantial performance gain over the legacy decoder, a factor 8.6 – 12.75 faster for the different percentiles. 
Table 2
: Performance comparison of legacy and joint decoding under AWGN conditions 

	Es/Iot -15 dB
	90%
	95%
	99%

	Legacy
	860ms
	1125ms
	1785ms

	Joint decoding
	100ms
	110ms
	140ms

	Es/Iot -12 dB
	90%
	95%
	99%

	Legacy
	90ms
	110ms
	140ms

	Joint decoding
	60ms
	60ms
	85ms


Also the operating point SNR = -12 dB is included as an tentative indication of expected performance if the PBCH is repeated such that twice as many repetitions are included per 40 ms TTI (Option 1). Here, we see that the performance of particularly the legacy decoder has improved considerably, to be on par with the joint decoding at -15 dB SNR. The large reduction for the legacy decoder is however not visible for EPA conditions in Table 1, where instead the reduction is only approximately a factor of two. 
We intend to show simulation results also for EPA channel conditions using the joint decoder when they are available. However, already using the AWGN simulation results it can be concluded that a moderate increase of the decoder complexity can drastically improve the PBCH decoding performance.
4 Discussion

Massive repetitions come at a large cost from a system resource utilization perspective. It was shown above that the amount of repetitions needed to achieve the desired performance can be kept to a minimum by exploiting the fact that soft combining is possible across the 40 ms PBCH transmission boundaries. In fact, no repetitions compared to LTE Rel-8 are needed at all, which leads us to repeat our standpoint that any such repetitions should at least not be mandated. If it is desired that a UE should be free to choose not to implement an advanced PBCH decoder, some repetition of PBCH should be introduced according to previous agreements in order to achieve acceptable performance. But it is not reasonable to unnecessarily lock up a large number of resources in terms of excessive PBCH repetitions if they are indeed not needed, which has been shown in this contribution. We recommend that this be taken into account when deciding upon which repetition options to select.     

5 Conclusions

In this contribution we have argued that the amount of PBCH repetitions can be kept to a minimum due to the fact that soft combining over the 40 ms transmission boundaries can be exploited. 
The feasibility of the joint decoding of blocks differing only in an incremented SFN counter has been demonstrated in initial simulations under AWGN conditions. The reduction in acquisition time compared to using a legacy decoder is substantial. 
This means that:
1. The number of PBCH repetitions can be kept to a minimum, making options 1 and possibly 2 preferable over 3 and 4. 
2. It should be possible for the network to control the amount of PBCH repetitions, for example by dynamically switching repetitions off. This is especially true should it be decided to use any of Options 3 or 4.
It is thus recommended that some network control of the repetition pattern is introduced. Preferably the PBCH repetitions should always be optional for the network in order to allow a phased introduction of the features on the network side.
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