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1. Introduction

To meet coverage requirement in non-synchronized random access, it was agreed that only the preamble should be transmitted.  From [1], the preamble waveforms should have good detection probability while maintaining low false alarm rate, low collision probability, low power de-rating, and allow accurate timing estimation.  Currently, two promising sequences have been proposed - Zadoff-Chu [1,5] and Generalized Chirp-Like sequences [4].  This contribution compares the two possible sequences with regard to performance and design requirements for non-synchronized random access.  

2. Preamble Sequence Design

2.1. Zadoff-Chu Sequence

The Zadoff-Chu sequence of length N is defined [2] as
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where p, the sequence index, is relatively prime to N (i.e. the only common divisor for p and N is 1).  For a fixed p, the Zadoff-Chu sequence has ideal periodic auto-correlation property (i.e. the periodic auto-correlation is zero for all time shift other than zero).  For different p, Zadoff-Chu sequences are not orthogonal, but exhibit low cross correlation.  If the sequence length N is selected as a prime number, there are N – 1 different sequences with periodic cross-correlation of 
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between any two sequences regardless of time shift.
In summary, with Zadoff-Chu sequence, N – 1 different sequences with fixed periodic cross-correlation are available to be used as preambles, provided that N is a prime number.  In addition, each of the sequence has ideal periodic auto-correlation property. 
3. Generalized Chirp-Like Sequence

The Generalized Chirp-Like (GCL) sequence of length N is defined [3] as
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with the sequence length N satisfying the relationship N=sm2 where s and m are positive integers.  The carrier sequence gp(n) is the Zadoff-Chu sequence of length N defined in 2.1.  As before, the sequence index p must be a relative prime to N.  To provide a set of orthogonal GCL sequences, a common Zadoff-Chu sequence is modulated by m different sequences {bi(k)}, i=0,…,m-1.  Obviously, the Zadoff-Chu sequence is one example of a GCL sequence where the modulating sequence comprises of all ones.  It was shown in [4] that the period cross-correlation between any two GCL sequence with the same Zadoff-Chu carrier is zero for all delay not equal to an integer multiple of sm.  As a result, the resulting sequence has a zero correlation zone of length sm-1.  Note that the periodic cross-correlation is defined as follows -
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Naturally, to generate an orthogonal set of GCL sequences from the same carrier sequence, the modulating sequences {bi(k)} must be orthogonal.  In [4], two orthogonal sets were provided as possible modulating sequences – DFT and Hadamard sequences.
In summary, with GCL sequence, wm different sequences are available to be used as preambles where w is the number of available Zadoff-Chu sequences of length N.  In addition, for each of the w Zadoff-Chu carrier sequence, there are m different GCL sequences with a zero correlation zone of length sm-1.
4. Performance Comparison
To compare performance, non-synchronized random access design based on the two sequences is considered.   The random access bandwidth is assumed to be 1.25 MHz with a sampling rate of approximately 1.024 MHz.  A random access slot of 0.5 ms is assumed.  To account for the timing difference due to propagation delay, a guard period (TGP) of 90 s is assumed, corresponding to a maximum cell size of 13.5 km.  In addition, a guard period (Tds) of 5 s, equivalent to the maximum assumed delay spread, is used.  This leaves a useful random access transmission time (TP) of 0.4 ms.  At the assumed sampling rate, a sequence length of approximately 400 can be supported.    A search window of length 90 s is assumed.  Table 1 lists relevant parameters for the simulations.  For the GCL sequence, this parameter selection ensures that a zero correlation zone of length 99 samples is present.
Table 1.  Random access preamble parameters.

	Sequence
	Random access bandwidth
	Random Access Sampling Rate
	TP

(ms)
	TGP

(s)
	TGP

(s)
	Sequence parameters
	Number of Available Sequences

	Zadoff-Chu
	1.25 MHz
	~1.024 MHz
	4
	90
	5
	N=401
	400

	GCL
	
	
	
	
	
	N=400, s=25, m=4
	640


Although the two sequences have very nice periodic correlation properties, it may not be feasible to preserve such properties in practice.  This is because, to ensure periodic properties, a cyclic prefix must be added that can handle the maximum transmission delay and channel delay spread.  For the example shown, this amounts to a cyclic prefix overhead of approximately 25%.  Without the use of a cyclic prefix, an overlap-and-add method can be used to ensure periodic properties [5].  However, with this approach, additional noise is also added within the overlapped section, which can degrade performance.  On the other hand, aperiodic cross-correlation, defined below, may be used [4].
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Typically, for a search window much smaller than the sequence length, aperiodic correlation is expected to provide similar performance as periodic correlation.
4.1. Auto-Correlation
Both Zadoff-Chu and GCL sequences have ideal periodic auto-correlation.  Although the aperiodic auto-correlation is not ideal, it is very close to being ideal.  Figure 1 illustrates the normalized magnitude for both periodic and aperiodic auto-correlation of a GCL of length 400.
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Figure 1.  Normalized magnitude for (a) period and (b) aperiodic auto-correlation (N=400).

For the example considered, the merit factor, defined as the mainlobe to total sidelobe energy of the aperiodic auto-correlation, is approximately 31.  Note that the auto-correlation properties of the Zadoff-Chu sequence are similar.
4.2. Cross-Correlation
With Zadoff-Chu sequence of prime number length, the periodic cross-correlation between any two sequences is constant.  With GCL sequence, a zero-correlation zone is present when the same Zadoff-Chu sequence is used as the carrier sequence.  However, for GCL sequence with different Zadoff-Chu sequences as carriers, the periodic cross-correlation is not constant.  It should be noted that the cross-correlation between GCL sequences of a different class can be significantly higher and is highly dependent on the sequence design parameters.  Figure 2 shows an example of the periodic cross-correlation between the two sequences.
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Figure 2.  Magnitude of the periodic cross-correlation for (a) Zadoff-Chu, (b) GCL with the same Zadoff-Chu carrier and (c) GCL with different Zadoff-Chu carriers.
Similarly, Figure 3 shows the aperiodic cross-correlation.  As before, the zero correlation zones can be largely observed between GCL sequences with the same Zadoff-Chu carrier sequence, while cross-correlation between GCL sequences with different carrier sequence is moderately higher.
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Figure 3.  Magnitude of the aperiodic cross-correlation for (a) Zadoff-Chu, (b) GCL with the same Zadoff-Chu carrier and (c) GCL with different Zadoff-Chu carriers.

4.3. Detection Performance
Figure 4 illustrates missed detection performance at a fixed false alarm probability of 1%.  Note that the transmitted preambles have randomly selected delays that fall within the search window.  In Figure 4(a), missed detection performance assuming only one transmitted preamble is shown using either aperiodic or overlap-and-add method. From the figure, it is seen that the two methods perform similarly.  Although Figure 4(a) only shows performance of the Zadoff-Chu sequence, performance of the GCL sequence is identical since only one preamble is transmitted.    
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Figure 4.  Missed detection performance for (a) one selected preamble, (b) one selected and two interfering preambles.

In Figure 4(b), missed detection performance is shown with two interfering preambles.  In this scenario, two interfering preambles are transmitted at a fixed power (SNR = -8 dB).  From the figure, it is seen that when GCL sequences with the same carriers are used, no impact from interfering preambles is observed as expected. When Zadoff-Chu sequence is used, performance degrades due to the interference.  In addition, a large degradation is observed when GCL sequences with different carriers are used.  However, it should be noted that in the case of GCL sequences with different carriers, performance can vary significantly based on the interfering sequences for the design example considered.
4.4. Discussion

For the two types of sequence considered, it is seen that they both exhibit low missed detection probability at a fixed false alarm rate, robustness to interference, and large number of available sequences.  The following observations may be made regarding the sequence - 
· GCL sequence can be designed to have a zero-correlation zone to allow for ideal detection in the presence of interfering preambles.   However, only sequences with the same Zadoff-Chu carrier exhibit this property.  

· In the design example used, cross-correlation between GCL sequences with different carriers can be significantly higher than that of Zadoff-Chu sequence.  However, GCL sequence can also be designed to have a constant cross-correlation property at a reduction of number of available sequence.  
· Low power de-rating due to the constant amplitude property of the sequence.  In [4], it was shown that the PAPR/CM of the GCL sequence is comparable to that of the W-CDMA preambles.

Currently, non-synchronized random design is on-going with sequence design as one aspect.  Other considerations include the number of access opportunities, latency, whether any implicit message will be included in the preamble, sequence partitioning and reuse planning, time-frequency assignment, etc.  As a result, sequence selection must be considered in conjunction with other system design requirements.  Nonetheless, both Zadoff-Chu and GCL sequences are two promising candidates for preamble sequence.
5. Non-Synchronized Random Access
In [6] it was agreed that users may be scheduled for data transmission in the same time-frequency region assigned for non-synchronized random access.  A diagram of non-synchronized random access is shown in Figure 5.  In this design, the random access bandwidth is BWRA with preamble burst of length TRA and a random access period of TRA-REP.  These parameters can be adjusted to optimize the overhead versus latency trade-off for non-synchronized random access.    Because non-synchronized random access is expected to occur infrequently, the access period TRA-REP should be long to minimize overhead.  An example access period of 10 ms was provided in [6].
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Figure 5.  Non-synchronized Random Access.
In [7], a CDM design for non-synchronized random access was proposed that relies on the processing gain inherent in the preamble to minimize interference to scheduled data.  In this design, it is expected that users will be scheduled to transmit uplink data in the random access time-frequency region.  Since this region is not reserved exclusively for random access, it can occur frequently provided that interference to data users can be properly managed.  This significantly reduces the latency and allows users quick access to the system.  Table 2 illustrates an example of how random access design parameters may be configured to support both design options.  For the CDM option in this example, the preamble sequence is spread by a factor of 4 to minimize interference to data.
Table 2.  Random Access Design Example.
	Design
	BWRA
	TRA
	TRA-REP
	Preamble sequence length

	TDM/FDM
	1.25 MHz
	0.4 ms
	10 ms
	401

	CDM
	1.25 MHz
	1.6 ms
	2 ms
	401x4


For the example provided, an operating SNR of -15 to -13 dB is required for the CDM option under TU channel based on results shown in Figure 4.   In the absence of collision, the average random access latency is 5 and 1 ms for the TDM/FDM and CDM options, respectively.
6. Conclusion

In this contribution, performance comparison is provided between Zadoff-Chu and GCL sequences.  Both types of sequences are promising candidates for non-synchronized random access preamble.   In addition, an illustrative example of how both TDM/FDM and CDM options can be supported is provided.
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