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1 Introduction
The new Rel-14 work item on enhanced LAA is tasked with specifying efficient operation of uplink LAA [1].  It was agreed in RAN1#84b [5] to further evaluate two PRACH waveform candidates:

Option 1

· LAA-PRACH is based on LTE PRACH format 0 and/or format 4 repeated N times in frequency

· The value of N is configurable and includes at least {1, 2, ...}

· The placement of the PRACH clusters in frequency shall be able to fulfil the ETSI regulation on occupied channel bandwidth

· PRBs for LAA-PRACH for each value of N are defined in the specification, exact positions are FFS

· FFS: CP of the PRACH format 0 is shortened by [1 symbol] to provide room for LBT

· FFS: The value of Timing Advance for LAA-PRACH transmission is configurable 

Option 2

· Preamble durations of up to 1 ms are supported in eLAA.

· PRACH is transmitted in one or more of RB interlaces

· The interlaces to use is configured by RRC

· PRACH preamble is based upon repetition of one DFTS-OFDM symbol of the same length as a PUSCH DFTS-OFDM symbol.

· A region for LBT is provided by not transmitting one or more OFDM symbols

The design of PRACH according to Option 1 and its preamble detection performance are provided in [3]. In this contribution, we provide extensive investigation of the timing arrival estimation performance.


2 PRACH design and receiver
PRACH preamble format design details for eLAA are discussed in [3]. The preferred PRACH preamble format is illustrated in Figure 1. Delays of up to one DFTS-OFDM symbol is supported with the approach of generating PRACH preambles as in Figure 1. This maximum delay of 2048 samples corresponds to 66.7 microseconds or a cell radius of 10 km, which is sufficient for eLAA deployments. The allocation of PRACH preambles to one interlace (interlace number 0) is illustrated in Figure 2. More than one interlace may be allocated to PRACH.
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Figure 1 - PRACH preamble format with preamble constructed by repeating DFTS-OFDM symbols
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Figure 2-Interlacing of PRACH preambles
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Figure 3 – Generic PRACH preamble receiver structure

An illustration of a generic receiver structure for PRACH preambles is given in Figure 3. Here, an FFT is calculated for each DFTS-OFDM symbol forming frequency domain signals, which is the same processing for both the PUSCH receiver and the PRACH preamble detector/timing estimator. After extracting the sub-carriers corresponding to the interlace(s) of the PRACH preamble, each frequency domain signal is multiplied by a matched filter. The outputs from the matched filters are coherently added and transformed to time domain by an IFFT. A Power Delay Profile (PDP) is calculated as the absolute square of each time domain value. Detection of the PRACH preamble and timing estimation are performed by processing the PDP. 

Timing estimation is performed by calculating the Power Delay Profile (PDP) at the receiver and using peak detection. When PRACH is placed on interleaved RBs (i.e., when the PRACH frequency resources are non-contiguous), at the receiver, the preamble can be processed by at least two types of receivers:

· “Wide” receiver

The accumulated samples for all the PRBs of the PRACH preamble are taken into a wide IFFT operation together. The sub-carriers that are not used by the PRACH preamble are set to zero at the input of the IFFT.

· “Narrow” receiver

The accumulated samples for the different PRBs of the PRACH preamble are processed by the IFFT separately. These separately calculated PDPs are combined together for timing arrival estimation. Note that oversampling can be used for this type of receiver to improve its estimation performance. For instance, with a 2X oversampling, the 12 accumulated samples are appended by 12 zeros before feeding into a size-24 IFFT.

Note the input values to the IFFT are coherently accumulated received values over 1 ms. That is, there is more than 10 dB of processing gain.
Observation 1
PRACH design based on time-domain repetition of DFTS-OFDM symbols provides more than 10 dB of processing gain against interference and noise.

3 Timing arrival estimation performance
3.1 Performance of PRACH with 1-interlace allocation
Compared to legacy PRACH design, the PDP of the interlace-based PRACH design has higher off peaks as shown in Figure 4. This is due to the effective sampling in the frequency domain created by the interlaced design. This aliasing effect may have negative impact to the estimation accuracy. However, the time-domain repetition nature of the proposed design has intrinsic large processing gains against interference and noise that might cause the receiver to falsely detect the off peaks. In the following, we provide extensive simulation results to investigate the actual performance of the interlaced, time-domain repetition PRACH design.
In Figure 5 we provide time arrival estimation error CDF plots for both the wide and narrow receivers on the EVA channel. Simulation details are given in the Appendix. It can be observed that 

· At 0 dB SNR, the wide receiver has an inaccuracy of less than 0.5 μs 90% of the time. This is within the timing advance command granularity. Given the spread of the EVA channel, a small positive time arrival estimation error can be expected since one of the delay taps may be stronger than the leading tap. The evaluation shows that the inaccuracy of the wide receiver is less than 1 μs 100% of the time, which is much smaller than the spread of the EVA channel.

· Even at -10 dB SNR, the wide receiver has an inaccuracy of less than 0.5 μs 70% of the time. The error is also less than 1 μs.
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Figure 4- Power Delay Profiles calculated at the receiver to be used for timing estimation. Interlaced PRACH design (right) causes false peaks to appear compared to the case of contiguous RBs (left).
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Figure 5 - CDF of the TA estimation error for the EVA channel at SNR = 0 dB (left) and SNR = -10 dB (right). PRACH occupies one interlace which consists of ten evenly-spaced RBs.
For the ETU channel, which is not likely for the LAA system with limited regulatory output powers, we also provide the time arrival estimation error CDF plots in Figure 6. Given the strongly dispersive nature of the ETU channel:

	Excess tap delay (ns)
	Relative power (dB)

	0
	–1.0

	50
	–1.0

	120
	–1.0

	200
	0.0

	230
	0.0

	500
	0.0

	1600
	–3.0

	2300
	–5.0

	5000
	–7.0


we find the receiver provides very good timing arrival estimates.
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Figure 6 - CDF of the TA estimation error for the ETU channel at SNR = 0 dB (left) and SNR = -10 dB (right). PRACH occupies one interlace which consists of ten evenly-spaced RBs.

The performance with the wide receiver can be attributed to the processing gain afforded by the time-domain repetition that compensates the disadvantage caused by the false peaks. Also, it can be observed that with increased oversampling, timing estimation performance with the narrow receiver gets closer to the performance with the wide receiver.

Note further that, since the PRACH for eLAA is to be transmitted either within the MCOT obtained by the eNB or after its own Cat 4 LBT [6], the normal operation SNR for the PRACH preamble is much higher than 0 dB. The extensive evaluation results in the above shows that 

Observation 2
Accurate timing arrival estimation can be achieved with the interlace-based PRACH design. The intrinsic processing gains from time-domain repetition provide robustness against false off peak detection caused by interference and noise.

3.2 Performance of PRACH with 2-interlace allocation
Timing estimation accuracy can be further improved by allocating 2 interlaces to a PRACH signal. For example, by choosing the two interlaces such that the inter-RB distances between consecutive RBs alternate, the uniform sampling effect in frequency is disturbed and the false peaks can be suppressed as shown in Figure 7. Here, out of ten interlaces indexed from 1 to 10, the interlaces with indices 1 and 4 are used. 
The time arrival estimation error CDF plots for the EVA and the ETU channels are provided in Figure 8 and Figure 9, respectively. With the reduced false peaks by using two interlaces, timing estimation performance is excellent even at -10 dB SNR.
Observation 3
One-interlace or two-interlace PRACH design based on time-domain repetition of DFTS-OFDM symbols provides robust timing arrival estimation performance.
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Figure 7- Power Delay Profile calculated at the receiver when PRACH occupies two interlaces.
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Figure 8 - CDF of the TA estimation error for the EVA channel at SNR = -10 dB. PRACH occupies two interlaces which consist of twenty unevenly-spaced RBs.
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Figure 9 - CDF of the TA estimation error for the ETU channel at SNR = -10 dB. PRACH occupies two interlaces which consist of twenty unevenly-spaced RBs.


4 Conclusion

This contribution discussed timing estimation performance of the PRACH design for eLAA presented in our companion contribution [3]. We make the following observations:
Observation 1
PRACH design based on time-domain repetition of DFTS-OFDM symbols provides more than 10 dB of processing gain against interference and noise.

Observation 2
Accurate timing arrival estimation can be achieved with the interlace-based PRACH design. The intrinsic processing gains from time-domain repetition provide robustness against false off peak detection caused by interference and noise.

Observation 3
One-interlace or two-interlace PRACH design based on time-domain repetition of DFTS-OFDM symbols provides robust timing arrival estimation performance.


5 References

[1] RP-152272, New Work Item on enhanced LAA for LTE.

[2] R1-160994, UL resource allocation designs for eLAA, Ericsson.

[3] R1-165151, PRACH design for Enhanced LAA, Ericsson.
[4] RAN1#84 Chairman’s Notes
[5] RAN1#84b Chairman’s Notes

[6] R1-165154 On Channel Access Procedures for PRACH and SRS, Ericsson


6 Appendix
Assumptions used in the timing arrival estimation simulations are given in the following:

· ETU and EVA channels
· 20 MHz system bandwidth

· False detection rate of 0.1%/64

· Speed: 3 km/h at a carrier frequency of 5 GHz, i.e. Doppler spread of 14 Hz

· Additive White Gaussian Noise

· Two receiver antennas

· One or two interlaces out of 10 interlaces

· 10 Resource Blocks (RBs) per interlace
· Random delay of 0 to 20 μs
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