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1. Introduction
In this contribution, we propose a novel design for random access preambles that aims at providing solutions for several issues related to the requirements of 5G New Radio. In this context, we present transmitter and receiver structures for the proposed random access preambles. We also discuss the characteristics of the proposed preamble design that result in remarkable power savings over legacy LTE PRACH preambles. Finally, link-level simulations are conducted to assess the performance of the proposed preambles in relevant scenarios. 

2. PRACH Preamble Design Requirements for 5G New Radio
The 5G New Radio (NR) is being designed to support a large variety of requirements associated with the following usage scenarios [1]:
· enhanced Mobile Broadband (eMBB);
· massive Machine Type Communications (mMTC);
· Ultra-Reliable and Low Latency Communications (URLLC).
Among the requirements imposed by the scenarios above, the following issues need to be carefully considered for the physical random access channel (PRACH) preamble design:
1. High carrier frequencies: Carrier frequencies up to 100 GHz are being considered in 5G NR. Potentially large Doppler shifts associated with such high carrier frequencies represent a challenge that needs to be addressed by proper preamble design.
2. Extreme long distance coverage: Cell ranges of up to 300 km are being considered in the context of 5G NR. The round-trip delay times (RTD) associated with those large distances need to be reflected in the PRACH preambles.
3. Analog multi-beam operation: Analog beam-sweeping is an option for multi-beam operation that is being proposed within 5G NR. In this case, multiple analog beam patterns are covered within a short period of time. In order to enable fast beam switching and to keep the PRACH overhead as low as possible, the design of PRACH preambles with very short durations is required.  
4. Massive connectivity: Millions of devices will be supported per cell according to the goals set forth with mMTC. In such a case, very high PRACH capacity and very high spectral efficiency must be attained by the 5G NR air interface. Therefore, the PRACH preambles need to be designed with the goal of supporting a massive number of devices. Furthermore, the preamble transmissions should create as low interference as possible on adjacent channels.  
5. Low-cost, low-power devices: Especially in mMTC scenarios, very cheap, low-power devices are expected to be supported by 5G NR. The cheap local oscillators in low-cost devices may give rise to substantial carrier frequency offsets (CFOs), while the requirement for low-power consumption will require signaling with very low overhead. Both those issues need to be addressed by a proper PRACH preamble design. 
Our preamble design for 5G NR, to be presented below, provides solutions for all the requirements discussed above.
3. Zero-Header, Zero-Tail Random Access Preambles
Our proposal consists of a novel PRACH preamble for 5G NR wherein the cyclic prefix (CP) and guard period (GP) – which are part of the legacy LTE PRACH preambles – are replaced by zero values that are appended as tail and header to the sequence to be transmitted.  The number of zero power samples to be appended is determined according to two-way propagation delay in a cell.  In other words, the zero-power tails and headers function similarly to CPs and GPs, and protect possible data transmissions in adjacent channels against interference from the PRACH. 
A possible implementation of our proposal is the use of zero-header, zero-tail (ZHZT) DFT-S-OFDM modulated preamble sequences. The generation of ZHZT DFT-S-OFDM preambles follows according to Figure 1.
[image: zt_prach_tx.emf]
[bookmark: _Ref462341310]Figure 1: Generation of ZHZT DFT-S-OFDM PRACH preambles.
In Figure 1, a ‘Sequence’ refers to any sequence with adequate correlation properties (e.g., Zadoff-Chu (ZC) or M-Sequences) and ‘Zeros’ are zero-power symbols appended as header and tail to ‘Sequence’. The configurations of ‘Sequence’ and ‘Zeros’, as well as, ‘DFT’, ‘Subcarrier Mapping’ and ‘IDFT’ are selected to conform to system specifications and to support specific deployment scenarios of the cellular network, such as cell range. 












As an example, let us consider the case of a system with sampling rate of  MHz and PRACH slot duration of  ms. Here, let us also assume that the sequence duration is  ms and that the durations of the zero-power header and tail of the ZHZT DFT-S-OFDM PRACH preambles are both equal to  ms – such that  ms. Consequently, the subcarrier spacing of the preambles generated by the block scheme of Figure 1 is given by  Hz, and the length of the inverse discrete Fourier Transform (IDFT) is given by . Furthermore, let us consider that the ‘Sequence’ in Figure 1 has length . Thus, with  ms and  ms, the zero-power header and tail have lengths equal to , and the length of the discrete Fourier Transform (DFT) in Figure 1 is given by . Please note that simplifications in terms of implementation complexity can be achieved by selection of proper numerology, e.g., DFT/IDFT sizes.  
Note that a major difference of our ZHZT preambles from the legacy LTE preamble design is that both zero-power header and tail are DFT-S-OFDM modulated with the sequence to form preamble to be transmitted, whereas in the case of LTE only the sequence is modulated for posterior attachment of a CP.
Observation: ZHZT DFT-S-ODFM preambles represent a viable option for the 5G NR random access with similar generation complexity and flexibility as legacy LTE PRACH preambles. Several parameters of the proposed design can be adjusted to match system specifications (e.g., bandwidth, symbol durations, number of devices supported, etc.) and deployment/propagation conditions (e.g., cell range, link budget, CFO, etc.).

3.1   Power Saving Feature of Zero-Header, Zero-Tail Random Access Preambles







Figure 2 shows the power profile of ZHZT DFT-S-OFDM PRACH preambles generated using Zadoff-Chu (ZC) sequences. Please note that the parameters used to generate the plot in Figure 2 are  MHz,  ms,  ms,  ms, and . On the other hand, Figure 3 shows the power profile of LTE-like PRACH preambles, which were also constructed with ZC sequences and with similar parameters as the preambles from Figure 2 – except that the CP duration is  ms and the guard period (GP) is  ms. In fact, the preambles in Figure 3 correspond to the format 1 [2], and their arrangement with respect to the PRACH transmission slots is shown in Figure 4.
As it can be noted from Figure 2 and Figure 3, a remarkable difference between our ZHZT preambles and the LTE-like preambles is the fact that the header and tail parts of the ZHZT preambles have very low power. In other words, the power used to transmit a ZHZT preamble is mostly concentrated on the useful part of the signal. In contrast, all samples forming the LTE-like preambles are on the same power level, which means that considerable amount of power is spent on transmitting the CPs. As an example of the inefficiencies associated with LTE-like preambles, Table 1 shows the breakdown of a legacy LTE PRACH slot between preamble sequence, cyclic prefix and guard period for format 1 preambles. In this case, note that a large overhead of ~34% corresponds to CP transmissions and GP. 
 
[image: ]
[bookmark: _Ref462409421]Figure 2: Power profile of ZHZT DFT-S-OFDM PRACH preambles generated using ZC-sequences.

[image: ]
[bookmark: _Ref462411806]Figure 3: Power profile of LTE-like PRACH preambles generated using ZC-sequences.




[bookmark: _Ref462413494]Figure 4: Preamble transmission on PRACH slots.
	Format 1 Preamble
	Duration
	% of Slot

	PRACH Slot
	

 s
	100%

	Preamble Sequence
	

 s
	40%

	Cyclic Prefix (CP)
	

 s
	~34%

	Guard Period (GP)
	

 s
	~26%


[bookmark: _Ref462415486]Table 1: Division of legacy LTE PRACH slot between preamble sequence, cyclic prefix and guard period for format 1 preambles.

In order to quantify the advantages of ZHZT preambles in terms of their power efficiency, we defined a quantity that measures the power savings due to zero-power headers and tails as:

   [dB]                                     (1)

For the examples depicted by Figure 2, the power savings amount to  dB. 

Please note that the quantity defined by equation (1) expresses the reduction in average power over the whole PRACH slot due to zero (or near zero) power samples. Thus, for LTE’s format 1 preambles, we have  dB.
Finally, a further consequence of the somewhat smooth transitions between low power tails and headers, and the useful part of ZHZT preambles – as seen in Figure 2 – is the reduced PRACH interference leakage on adjacent channels [4].
Observation: In contrast to LTE-like PRACH preambles that use cyclic prefix, the proposed ZHZT preambles have very low power headers and tails. In other words, the transmit power for ZHZT preambles is almost exclusively concentrated on the useful part of the signal. As a consequence, the UEs consume less power when transmitting preambles. Furthermore, interference leakage is reduced on adjacent channels due to better spectral containment. Thus, ZHZT preambles facilitate the support of low-power devices, while causing less interference in adjacent channels than, e.g., OFDM or SC-FDMA. 
3.2   Cell Coverage of Zero-Header, Zero-Tail Random Access Preambles
In a similar fashion as the preamble formats defined for the PRACH of legacy LTE [2], Table 2 summarizes the ZHZT preambles for different deployment scenarios. For each ZHZT preamble configuration, the power savings according to equation (1) are also shown.
	Header/Tail Duration [ms]
	Sequence Duration [ms]
	Power Saving [dB]
	Deployment Scenario

	

	

	~ 1
	Small to medium cells (up to ~15 km).

	

	

	~ 4
	Large cells (up to ~90 km) without link budget problem. 

	

	

	~ 1
	Medium cells (up to ~30 km) with link budget problem.

	

	

	~ 2.7
	Very large cells (up to ~105 km).


[bookmark: _Ref462590879]Table 2: Summary of ZHZT preamble configurations for relevant deployment scenarios.
In Table 2, the cell ranges were computed according to the following relation:

   [m],                                                               (2)

where  m/s is the speed of light.

Observation: Due to the signaling efficiency resulting from very low power headers and tails, the advantages of ZHZT preambles in terms of power savings are particularly noticeable for larger cells. Note that in the light of the extreme coverage scenarios discussed in the context of 5G NR (e.g., cell ranges of up to 300 km) the power saving features of ZHZT preambles would be a significant advantage.


4. Performance Assessment
In order to assess the performance of the proposed ZHZT DFT-S-OFDM PRACH preambles, we developed a link-level simulator that includes transmitters according to Figure 1, and a correlation receiver with two antenna branches and threshold based signature detection similar to the ones used to detect legacy LTE preambles. Moreover, Zadoff-Chu (ZC) and M-Sequences are being used for preamble generation. Please note that in [3] a comprehensive study on applicability of ZC and M-sequences in the context of the PRACH is presented. Further settings of our simulations are summarized in Table 3.
	Parameter
	Setting

	System sampling rate
	
 MHz.

	Sequence/Header/Tail durations
	

 ms,  ms.

	DFT/IDFT lengths
	

, .

	Sequence/Header/Tail lengths
	

,  for M-sequences; 


,  for ZC-sequences.

	Minimum cyclic shift of the root-sequences
	16 – i.e., 64 distinct preambles per root-sequence.

	Number of UEs simultaneously transmitting on the same PRACH slots
	5, with the idealized assumption that all UEs are time-aligned

	Power control
	Perfect power control – preambles from different UEs are assumed to arrive with the same average power at the eNodeB.

	Channel model
	Multipath fading extended typical urban (ETU) model with path delays (0, 50, 120, 200, 230, 500, 1600, 2300, 5000) ns and path powers (-1.0, -1.0, -1.0, 0.0, 0.0, 0.0, -3.0, -5.0, -7.0) dB.


[bookmark: _Ref462605430]Table 3: Summary of simulation parameters.
Figure 5 shows the probabilities of missed detection – which were obtained from the simulator described above – as a function of the SNR for ZHZT DFT-S-ODFM PRACH preambles constructed using M-sequences and ZC-sequences. Please note that SNR throughout our simulation results is defined as the ratio between the average transmitted power in PRACH slots and the noise power. Moreover, a CFO equal to 500 Hz was imposed during the transmissions. In Figure 5, please note that the M-sequence preambles perform somewhat worse than the ZC-sequence preambles. However, M-sequence preambles are still capable of achieving the target missed detection probability required by a typical system operating within a reasonable SNR region. Furthermore, Figure 6 shows the probability of false alarm for the same scenario described above. In this case, M-sequence preambles perform much better than the ZC-sequence preambles. Here, the ZC-sequence preambles are not capable of providing the low probability of false alarm required by a typical system operating within a reasonable SNR region.

Figure 7 and Figure 8 show the probabilities of missed detection and false alarm versus SNR for ZHZT DFT-S-ODFM and LTE-like format 1 PRACH preambles. The simulation settings are the same as above, with an imposed CFO of 500 Hz. Moreover, Figure 9 shows the probabilities of false alarm versus probabilities of missed detection for all configurations discussed above. In Figure 9, please note that, independently from preamble type, the relation between the probabilities of false alarm and missed detection is maintained. Thus, the performance gains of the ZHZT preambles over LTE-like preambles as shown in Figure 7 in terms of probabilities of missed detection truly reflect the different power savings achieved by the different preamble types as computed by equation (1). As an example, the required SNRs for M-Sequence based ZHZT and LTE-like preambles to achieve a target probability of missed detection of  is about -25 dB and -20 dB, respectively – and, as shown in Figure 9 both preamble types achieve the same probability of false alarm for the same probability of missed detection.

Observation: ZHZT preambles constructed from M-sequences result in a robust design with respect to CFO. Enhanced robustness against CFO enables the utilization of higher carrier frequencies and the support of low cost devices with cheap local oscillators.

[image: ]
[bookmark: _Ref462597405]Figure 5: Probabilities of missed detection for ZHZT DFT-S-ODFM PRACH preambles.
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[bookmark: _Ref462597511]Figure 6: Probabilities of false alarm for ZHZT DFT-S-ODFM PRACH preambles.

[image: ]
[bookmark: _Ref462597620]Figure 7: Probabilities of missed detection for ZHZT DFT-S-ODFM and LTE-like format 1 PRACH preambles.
[image: ]
[bookmark: _Ref462957448]Figure 8: Probabilities of false alarm for ZHZT DFT-S-ODFM and LTE-like format 1 PRACH preambles.
[image: ]
[bookmark: _Ref462989773]Figure 9: Probabilities of false alarm vs. probabilities of missed detection for ZHZT DFT-S-ODFM and LTE-like format 1 PRACH preambles. Solid lines: ZHZT preambles. Dashed lines: LTE-like preambles.











5. Conclusion
The contribution is concluded by summarizing the following observations and proposal:
· ZHZT DFT-S-ODFM preambles represent a viable option for the 5G NR random access with similar generation complexity and flexibility as legacy LTE PRACH preambles. Several parameters of the proposed design can be adjusted to match system specifications (e.g., bandwidth, symbol durations, number of devices supported, etc.) and deployment/propagation conditions (e.g., cell range, link budget, CFO, etc.).
· In contrast to LTE-like PRACH preambles that use cyclic prefix, the proposed ZHZT preambles have very low power headers and tails. In other words, the transmit power for ZHZT preambles is almost exclusively concentrated on the useful part of the signal. As a consequence, the UEs consume less power when transmitting preambles. Furthermore, interference leakage is reduced on adjacent channels due to better spectral containment. Thus, ZHZT preambles facilitate the support of low-power devices, while causing less interference in adjacent channels than, e.g., OFDM or SC-FDMA.
· Due to the signaling efficiency resulting from very low power headers and tails, the advantages of ZHZT preambles in terms of power savings are particularly noticeable for larger cells. Note that in the light of the extreme coverage scenarios discussed in the context of 5G NR (e.g., cell ranges of up to 300 km) the power saving features of ZHZT preambles would be a significant advantage. 
· ZHZT preambles constructed from M-sequences result in a robust design with respect to CFO. Enhanced robustness against CFO enables the utilization of higher carrier frequencies and the support of low cost devices with cheap local oscillators.

Proposal 1: ZHZT PRACH preambles should be further studied as an option for the random access of 5G New Radio.
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