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1. Introduction

In RAN1#74bis, coverage enhancement of the PBCH was considered. It was agreed that repetition should be specified as a method to improve PBCH coverage. However, it was FFS whether the repetition should be continuous or intermittent. Further, the number of repetitions required is FFS subject to the agreed gain provided by other implementation means. In this contribution we evaluate PBCH performance with repetition and also using multiple decoding attempts. 
2. PBCH Performance 
For the PBCH, the target SINR is -14.3dB corresponding to 10.7dB coverage improvement. At this target SINR, approximately 24 repetitions (or equivalently 96 PBCH transmissions) are required together with 3dB pilot boosting as shown in Figure 1. If 3dB pilot and PBCH boosting is used, 12 repetitions (or equivalently 48 PBCH transmissions) are required.
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Figure 1.  PBCH performance with repetition (FDD).

From the results, it is seen that 4×4×24 = 384 OFDM symbols are required to transmit the PBCH if only pilot boosting is used. This translates into a transmission of approximately 32 subframes assuming the center 6 PRBs would be fully utilized for PBCH only and 2 symbols are used for the PDCCH in every subframe.
Observation: Approximately 96 transmissions of the PBCH together with 3dB CRS boosting will be required to satisfy coverage requirement. This is equivalent to using all available OFDM symbols in 32 out of 40 possible subframes to transmit the PBCH. 
Since the PBCH repetition can only occur within 40ms, from the above results it is seen that for most TDD configuration, it may not be possible to satisfy the PBCH coverage requirement. This is because the UE can only assume subframes 0 and 5 to be downlink subframes since it does not know yet the TDD configuration. Therefore, within 40ms only 8 downlink subframes can be guaranteed. Some symbols from the special subframe may also used. If repetition is allowed beyond subframes 0 and 5, the UE would attempt to combine other subframes blindly. Since the UE does not know whether the TDD configuration, the number of possible hypothesis will grow exponentially with the number of subframes. This can increase UE’s decoding complexity significantly. If only subframes 0 and 5 are used, then only 24 transmissions of the PBCH are available. In this case, 6dB PSD boosting will be required to achieve the coverage requirement. However, in some cases, PSD boosting may not be available or may not achieve the desired gain.
Observation: For TDD, it may not be possible to satisfy 10.7dB coverage improvement for the PBCH using repetition and PSD boosting alone.
In addition to repetition and PSD boosting, implementation means such as multiple decoding attempts can also be used. In this contribution, performance of the multiple decoding attempts technique is studied. This method relies on the UE to keep decoding as many of the PBCH transmissions as needed until it eventually succeeds. It relies on channel fading and noise variations to imply that the decoding will eventually be successfully. Note that even for a stationary UE, a Doppler of 1 Hz is reasonable due to changes in the environment and surroundings. 
Figure 2 illustrates performance of multiple decoding attempts. From the figure, it is seen that approximately 200 decoding attempts must be tried to ensure 99% decoding success rate. This corresponds to acquisition time of 8 seconds. With 3dB pilot boosting, the number of required decoding attempts is reduced to 120, corresponding to acquisition time of 4.8 seconds. Note that these times are for 99% decoding success rate which may be considered as a worst case scenario. In practice, most UEs will be able to acquire the PBCH much sooner than this.
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Figure 2.  PBCH performance with multiple decoding attempts, SNR=-14.3dB.

If repetition is used, then the acquisition time can be reduced significantly. For example, with repetition factor of 2, the acquisition can be as low as 2.4 seconds. With repetition factor of 3, the acquisition can be as low as 1.4 seconds. Repetition factor of 3 can be conveniently supported by using the entire subframe (instead of only 4 OFDM symbols) for the PBCH. Note that, in addition to repetition, PSD boosting can also be used to reduce the acquisition time.
Observation: Given sufficient acquisition time, multiple decoding attempts alone can satisfy 10.7dB coverage improvement for the PBCH.  
The gain from multiple decoding attempts is directly dependent on the allowable PBCH acquisition time and is shown in Table 1 below. From the table, it can be seen that the PBCH acquisition time increases substantially as the target SNR decreases. Note that 3dB pilot boosting is used here. If repetition or PSD boosting is used, then the acquisition time can be reduced significantly.
 Table 1. PBCH acquisition time for 99% decoding success rate, 3dB pilot boosting.
	Target SNR (dB)
	Gain (dB)
	No of PBCH Attempts for 99% success rate
	Acquisition Time (ms)

	-3.6 
	0
	1
	40 

	-6.6 
	3
	6
	240 

	-9.6 
	6
	20
	800 

	-14.3 
	10.7
	120
	4800 


3. PBCH Coverage Enhancement

For the PBCH, the following repetition methods have been proposed as illustrated in Figure 3 –

· Intermittent – In this case, the PBCH is only repeated intermittently based on a configurable period. This can substantially reduce overhead at the cost of UE power consumption and latency. The amount of overhead can also be configured by the network based on the repetition period. However, since the UE does not know when this repetition will occur, it must continuously try to decode the PBCH which will result in high UE power consumption and increased UE buffering needs. In addition, if the UE does not correctly decode the PBCH, it may have to wait until the next intermittent period which can increase latency significantly.
· Continuous – In this case, the PBCH is repeated continuously and the UE may know exactly when this repetition will occur. Generally, this method requires larger overhead as the repetition is continuous. Since the UE only has 10ms timing when detecting the PBCH, repetition is best supported with 10ms timing. Otherwise the UE will be required to do additional blind combining. However, if used with complementary decoding techniques such as multiple decoding attempts, the additional overhead can be kept low subject to increased decoding latency.

Observation: Intermittent repetition may result in lower overhead than continuous repetition.
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Figure 3. PBCH with (a) intermittent and (b) continuous repetition.
Together with repetition, receiver-based methods such as multiple decoding attempts can be used to improve the performance of the PBCH. When multiple decoding attempts are used, the following decoding strategies may be used by the UE - 

· Intermittent – the UE can separately employ multiple decoding attempts on legacy PBCH transmission and blindly performing PBCH combining based on intermittent repetition. This increases the complexity of the UE and requires additional processing power as two different decoding strategies are used. Alternately, the UE can employ multiple decoding attempts using only intermittent repetition. In this case, however, the acquisition can be significantly longer as each decoding attempt depends on the period of the intermittent repetition.
· Continuous – the UE can use multiple decoding attempts after combining legacy and repeated PBCH within 40ms. The increase in computational complexity is minimal in this case assuming the repetition pattern is known beforehand.
Observation: Continuous repetition can be easily supported with multiple decoding attempts. To combine intermittent repetition with multiple decoding attempts may significantly increase UE computational complexity or increase PBCH acquisition time.
Table 2 summarizes the advantages and disadvantages of the two repetition approaches. From the table, it seems that continuous repetition may be more suitable for the PBCH if acquisition time is not a concern. This is because the method can be easily supported in conjunction with other complementary techniques such as PSD boosting and multiple decoding attempts. The same design can also be used to satisfy the coverage requirement for both TDD and FDD systems. However, it should be discussed further whether the longer acquisition time is acceptable. 
Table 2. Comparison of PBCH repetition methods.
	Repetition Method
	Evaluation

	Intermittent
	Advantages:

· Lower PBCH acquisition time and possibly lower overhead
· Period configurable by the networks

Disadvantages:

· May not be possible to satisfy TDD coverage requirement

· Higher UE complexity

· If used with multiple decoding attempts, may significantly increase UE computational complexity or increase PBCH acquisition time


	Continuous
	Advantages:

· Easily combined with multiple decoding attempts 
· May be used together with multiple decoding attempts to achieve the same design for FDD and TDD
Disadvantages:

· Longer PBCH acquisition time and possibly higher overhead




4. Conclusions
In this contribution, we examine continuous versus intermittent for the PBCH and also possible gain from the use of multiple decoding attempts. Our observations are – 
· Approximately 96 transmissions of the PBCH (i.e. using 32 out of 40 subframes) together with 3dB CRS boosting will be required to satisfy coverage requirement.
· For TDD, it may not be possible to satisfy 10.7dB coverage improvement for the PBCH using repetition and PSD boosting alone.
· Given sufficient acquisition time, multiple decoding attempts alone can satisfy 10.7dB coverage improvement for the PBCH.
· Intermittent repetition may result in lower overhead than continuous repetition. 
· Continuous repetition can be easily supported with multiple decoding attempts. To combine intermittent repetition with multiple decoding attempts may significantly increase UE computational complexity or increase PBCH acquisition time.
Based on our observations, it seems that continuous repetition together with multiple decoding attempts may be more suitable for the PBCH if acquisition time is not a concern. However, it should be discussed further whether the longer acquisition time is acceptable.
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