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1	Introduction
Transmission of a random access (RA) preamble in uplink is one of the first steps of a terminal to get access to the radio network. Therefore sets of signature sequences are defined that show good auto-correlation and low cross correlation. Another important requirement is a low susceptibility against impairments that originate in time and frequency domain in order to guarantee low false-alarm and miss-detection probabilities. Zadoff-Chu (ZC) sequences that are today used for RA are primarily designed to show high robustness in time-dispersive channels but not in channels that are simultaneously frequency-dispersive. 
In this contribution we propose a new class of sequences for the random access channel (RACH) that shows excellent auto- and cross correlation properties in a time-frequency dispersive channel. The new sequences are derived by circular delay-Doppler (time-frequency) shifts of m-sequences. These sequences show a higher robustness against frequency impairments and a significantly reduced false-alarm probability compared to legacy ZC-sequences. In addition much more sequences can be uniquely detected at the basestation receiver. Important key-performance metrics such as protocol latencies, upload probabilities or cell-coverage are improved.
Implementation effort of the proposed new class of sequences is small: At the transmitter side the device must be enabled to construct the new sequences in the digital domain. The receiver side must be enabled to perform additional correlations with the new sequences.


2	Preamble Sequence Generation and Properties
2.1 Design of Zadoff-Chu Sequences
In LTE uplink random access preamble sequences are generated from root Zadoff-Chu sequences, which are defined by

Herein N is a prime sequence length and u is the physical root number. For LTE the sequence length N is 839 and the physical root index ranges from 1 to 838. Its value depends on the broadcasted logical root sequence index and the mapping can be found in [1]. Usually different physical root indices are assigned to neighbor cells in order to guarantee low cross-correlations between preambles.
Different preamble sequences from one root sequence are generated by applying cyclic shifts

Where the cyclic shift is given by multiples of the distance  between two preambles


2.2 Design of circular delay-Doppler shifted m-sequences
The m-sequences are generated via linear-feedback shift registers. In this contribution we consider sequences that originate from a 10th order pseudo noise generator. The generator polynomial shall be given by


The output of the generator is a binary sequence  of length 1023 that is transformed into a BPSK () modulated base sequence . Different bases sequences can be generated by initializing the pn-generator with different values e.g. from cell Ids. Alternatively, one can introduce a cell-specific base offset. From the base sequence different preamble sequences can be derived by applying circular delay-Doppler shifts [2] as follows

Where  is the cyclic shift defined as an integer multiple of . Here, the  value adjusts the separability in time domain and should be therefore larger than the maximum expected delay spread. The phase signature parameter  should be selected larger than the maximum expected Doppler spread in the system. The cell Id can be used as root index parameter  in order to guarantee that neighbor cells show different frequency shifts.




2.3 Correlation Properties

Ambiguity functions (AF) [3] are widely employed in radar technology to analyze the auto- and cross correlation of a reference signal with delay-Doppler  shifted versions of the same or a different signal.  The periodic auto-ambiguity function (PAF) is defined as

And the periodic cross-ambiguity function as 


In a real system the absolute value of the ambiguity function can be considered as the output of a preamble correlator i.e. the correlator calculates the AF between an unmodified expected signal and a signal that experienced delays due to multipath propagation and Doppler-effect induced frequency shifts due to the terminal’s mobility or offsets in the transmitter’s or receiver’s oscillator. Therefore, the AF is known to be a good measure to characterize a sequence’s ability to be uniquely identified in a time-frequency dispersive channel.

2.3.1 Ambiguity Function of Zadoff-Chu Sequences
In the following we briefly discuss the PAF for a ZC sequence of length 31. The fig. 1 shows the absolute value of the PAF as function of delay-Doppler shifted versions of a ZC sequence. For discussion the resolution in time and frequency domain has been normalized to the sequence length. In absence of a frequency shift  the correlation is maximum at  and zero for . This property had been one motivation to use Zadoff-Chu sequences as preamble sequence for the RACH. However, in the presence of frequency shift this is no longer the case. As can be observed form the fig. 2 additional correlation peaks occur for specific frequency and time shifts. These self-images of the original transmitted sequence can result in detection errors at the receiver. For example : Assume that the sequence, transmitted with zero time-frequency shift, experiences a Doppler shift by  (corresponding to one subcarrier spacing), then the correlation based receiver will detect a sequence at around . The receiver will therefore wrongly interpret the detected sequence as one that has been transmitted with a cyclic time shift equivalent to   Actually, we have in this situation two errors. Firstly, the receiver was not able to detect the transmitted sequence i.e. we have a miss-detection event. Secondly, the receiver observed a sequence that very likely had not been transmitted by any terminal within the cell i.e. we have a false-alarm event. A collision may occur is a second terminal within the same cell transmits a preamble with a cyclic shift equal without frequency uncertainty. A standardized method to resolve ambiguity is to introduce restricted sets [1]. The drawback of this approach is that a substantial number of preambles are no more available. These observations are the drivers for the search and proposal of enhanced sequences.
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Fig. 1: Absolute PAF value of an ZC-sequence of length 31. Scale of - and  -axis is normalized to the sequence length. The -axis is log scaled.

2.3.2 Ambiguity Function of delay-Doppler shifted M-Sequences
The fig. 2 shows the absolute value of the PAF as function of time-frequency shifted versions of a delay-Doppler shifted m-sequence. The two-dimensional PAF shows almost ideal correlation behavior, which manifests in a thumbtack like peak in the center and small correlation values elsewhere. This feature makes the new sequence design principle very attractive, because it can be expected that false alarm errors can be reduced substantially. In addition we expect a significantly increased robustness against frequency impairments and that we can allow more preambles to be used within a cell.
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Fig. 2: Absolute PAF value of an delay-Doppler shifted m-sequence of length 31. Scale of - and  -axis is normalized to the sequence length. The  -axis is log scaled.

2.4 Peak-to-Average Power Ratio (PAPR)
The PAPR for the M-sequences is worse than for ZC-Sequences. For a sequence length around 1024 the difference is about 3dB as shown in fig.3.
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Fig. 3: PAPR CDFs for ZC- and M-sequences of similar length.

2.5 Baseband signal generation
For both the legacy ZC-sequences and the delay-Doppler shifted m-sequences the baseband generation follows the procedure defined in LTE. Firstly the sequence is transformed into the frequency domain via a N point DFT. It follows the mapping onto the subcarriers and finally the signal in time domain is generated via an IDFT.
2.6 Receiver design considerations
On the receiver side the preamble detection remains almost unchanged. The only modification occurs in the preamble correlation function that must be extended to support the new sequence type. This should be a simple task, because the newly introduced root sequences can be added to the ZC root sequences in knowledge that today’s basestation preamble detector implementations are capable of determining sequences derived from multiple root sequences. Multi-root detection can be conducted in a parallel or serial arrangement, depending on the preamble detector design.

3 Performance Assessment via System-Simulations
3.1	Radio Access Protocol 

Simulations have been performed to assess the value of cyclic delay-Doppler shifted sequences for random access. The assumptions are based on the 3GPP 38.913 v.0.3.1 [4] document. However, instead of 1732 m inter-site distance (ISD), an ISD of 500m was used. Furthermore, ideal channel estimation has been assumed on PUSCH.
This study evaluates the uplink direction of a system, which is purely dedicated to the transmission of IoT sensor or actuator traffic. 10 MHz of bandwidth is assumed and a resource structure that is equal to that of LTE, i.e. 50 Physical Resource Blocks (PRBs), each consisting of 12 subcarriers and 14 OFDM symbols. Although 50 PRBs are available, only 48 are used for small packet access. 3 OFDM symbols are used for pilots and sounding leaving 11 x 12 = 132 resource elements per PRB for data.
A two-stage access with pooled resources (see [6] and fig. 5) has been selected as access procedure.
[image: Resources]
Fig. 4: Schematic view of one TTI with a total of M  SPBs used for resource requests (MR) over PRACH and data transfer (MD) over PUSCH

The PRBs in one subframe are subdivided into a number of so called short-packet blocks (SPBs) (see Fig. 4). One block is dedicated to resource requests over PRACH, while six SPBs are dedicated to data transmission. Note, that due to the total number of 48 PRB used for small packet transmission, the data resources have a size of 7 PRBs, while the request resource has a size of 6 PRBs. A short packet consists of 840 data bits. QPSK is assumed for the modulation scheme, so that we have a code rate of 840 / (11 x 12 x 7 x 2) = 0.45 for the short packet transmission.
[image: Asilomar Figure Protocols]
Fig. 5: Basic principle of the two-stage radio access protocol

The request message is a ZF-sequence or a cyclic delay-Doppler shifted M-sequence and does not contain any further information about the requesting UE. The mobile randomly chooses one out of the offered preambles in the cell. The BS is able to detect that a certain preamble is used. The so called Forward Consecutive Mean Excision (FCME) algorithm has been selected for preamble signature detection [5]. However, it cannot detect if there is a collision on the considered preamble.
After the UE transmitted its scheduling request (R) it waits a number of subframes for a feedback message (F) and, after a further predefined delay transmits the data. The transmission is finalized by an acknowledgement (A). On NACK – either on PRACH or PUSCH – the mobile will, with a random backoff delay, reinitiate the access. The number of trials is set to 4.
After completion of the resource requests detection process, the BS selects up to MD resource requests out of the set of all detected service requests (Fig. 6) and broadcasts via a feedback message (F) the request identifier (ID) and information about the assigned data resources to the mobiles. Please note, that the set of resource request may contain false-alarm request. That means, it may be possible that physical resources are attributed to a request but there is no mobile that will use the resources for data transmission i.e. a false alarm might be the reason for resource blocking. The BS is not aware of collided service requests. If it decides for collided service requests, the later data transmission will also collide.
In the simulation, the so called capturing effect is considered, i.e. in some cases it is possible that a collided data transmission is received correctly. However, the parallel transmission which uses the same resources is lost.

[image: ]
Fig. 6: Principle pooled radio resources for data transmission

The table in the appendix shows the input parameters used for the simulations. 

3.2	Results

In this contribution and in order to ensure a fair comparison between traditional ZC- and M-sequences we assume that the ZC sequences have length 1021. The M-sequences have length 1023. The transmission bandwidth is over 6 PRBs in accordance to LTE.

In the following we limit the discussion on the following three key-performance metrics:
False alarm probability: The ratio between the total number of false alarms and total number of possible transmitted preambles.
Final NACK probability: Ratio between the total number of mobiles that give up access or data transmission after the 4th failed trial and the total number of initial access attempts.
Delay: Average required time from initial access over PRACH until successful transmission of a data packet (metric includes all retrials)

Case 1: In the first case we consider a scenario with 64 preambles per cell. The preambles are derived from one root sequence. Key performance indicators between ZC- and M-Sequences are compared as function of the initial access rate and center-frequency offset (CFO).
The fig. 7 shows that the false alarm rate is constantly small for the cyclic delay-Doppler shifted M-sequences. Even in presence of significant center-frequency offsets the observed error rate is significantly smaller than 1%. In contrast ZC-sequences show good false alarm rates only for the case without frequency offset. Typically the new type of sequences shows a factor 10-100 smaller false alarm rates than traditional ZC-sequences. This behavior is a direct consequence from the improved correlation properties in the 2-dimensional time-frequency plane of M-sequences against ZC-sequences.
[bookmark: _GoBack][image: ]
Fig. 7: False alarm prob. as function of initial access rate of new requests per sector. Dashed lines are for ZC-sequences and solid lines for M-sequences.

The fig. 8 shows the final NACK rate. For better understanding let us assume that the system target final NACK probability is set to 1%. Let us further assume that the relative center-frequency offset is equal 0.25. From the graph we see that with ZC-sequences we can support a maximum initial access rate of 3500 attempts per second and sector. In contrast the M-sequences allow a maximum initial rate of up to 5100 attempts per second and sector. 
With these figures the maximum number of supported devices per area is 4.8 Million devices/km2 for the ZC-sequences and 7.3 Million devices/km2 for the M-sequence case. In this calculation we assumed an initial access rate of 1 packet per 100s per device. We conclude that with the novel preamble design one can offer service to much more mobiles than with the traditional approach – specifically if we think of ultra-low cost transmitters with relaxed requirements on the oscillators.

[image: ]
Fig. 8: Final NACK prob. as function of initial access rate of new requests per sector. Dashed lines are for ZC-sequences and solid lines for M-sequences.

The fig. 9 shows the measured protocol delay. In presence of frequency impairments we observe for the ZC-sequence a degradation of the protocol delays as we increase to initial access rate. In contrast the new M-sequences do not suffer from delay degradation even in presence of high frequency offsets.
[image: ]
Fig. 9: Delay as function of initial access rate of new requests per sector. Dashed lines are for ZC-sequences and solid lines for M-sequences.

Case 2: In the second case we consider a scenario with different number of offered preambles in a cell. Again, all preambles have been derived from one root sequence. The relative center frequency offset is 0.25. 

Fig. 10 shows the false alarm rates. From the graph we observe that additional offered sequences increase the probability for false alarms, but this is much more relevant for ZC-sequences than for M-sequences. For example increasing the number of sequences from 64 to 128 increases the false alarm rate by about 0.1% in the M-sequence and by about 2-3% in the ZC-sequence case.

[image: ]
Fig. 10: False alarm prob. as function of initial access rate of new requests per sector. Dashed lines are for ZC-sequences and solid lines for M-sequences.


The fig. 11 shows the final NACK rate. Let us again assume a 1% target final NACK probability. For the cyclic delay-Doppler shifted M-sequences we observe a small improvement in the maximum number of served mobiles if we increase the number of offered preambles from 64 to 128. In contrast for the ZC-sequence case we observe a massive reduction in number of served mobiles i.e. from 3500 initial attempts per second to only 1000 initial attempts per second.

[image: ]
Fig. 11: Final NACK prob. as function of initial access rate of new requests per sector. Dashed lines are for ZC-sequences and solid lines for M-sequences.

Finally, fig. 12 shows the protocol delay. Here it is clearly observed, that the delay degradation for the M-sequences is small, regardless how many preambles are offered in the cell. On the other hand ZC-sequences show a strong increase in delay figures with an increasing number of offered preambles.
[image: ]
Fig. 12: Delay as function of initial access rate of new requests per sector. Dashed lines are for ZC-sequences and solid lines for M-sequences.

4	Conclusions
Observation: 
It has been shown that cyclic delay-Doppler shifted m-sequences offer interesting enhancements in respect to robustness in time-frequency variant channels. The improved detectability allows using more sequences in a cell and would be therefore a good choice for future uses cases with device densities exceeding 1 million devices per square kilometers.
Proposal 1: 
Cyclic delay-Doppler shifted M-Sequences shall be considered as one candidate sequence for random access and further studied.
Proposal 2: 
Cyclic delay-Doppler shifted M-Sequences shall be further studied for use in time-frequency synchronization, channel estimation and sounding. Other use cases are not precluded.
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Appendix
System-Simulation assumptions

	Attributes 
	Values or assumptions 

	Layout 
	Hex grid with 7 sites and 3 sectors per site,  wrap-around

	Inter-BS distance 
	500m 

	Carrier frequency 
	700MHz 

	Simulation bandwidth 
	10 MHz, 48 PRB used

	Channel model 
	3D UMa according TR 36.873 [ref]

	Tx power 
	UE: Max 23dBm

	BS antenna configuration 
	Rx: 8 antenna ports: 4 columns of X-pol elements and 10 X-elements per column, horizontal spacing 10 lambda, vertical spacing 0.5 lambda

	BS antenna pattern 
	see TR 36.873

	BS antenna height 
	25m

	BS antenna tilt 
	4 deg electrical downtilt 

	BS antenna element gain + connector loss 
	8 dBi (acc. to 36.873), including 3dB cable loss 

	BS receiver noise figure 
	5 dB 

	UE antenna elements 
	1Tx

	UE antenna height 
	outdoor mobiles: 1.5m
indoor mobiles: hUT=3(nfl – 1) + 1.5 with nfl ~ uniform(1,Nfl)
where Nfl ~ uniform(4,8)

	UE antenna gain 
	-4dBi 

	Traffic model 
	Non-full buffer small packet. 840 bits per SPB, one SPB consists of 7 PRBs, QPSK modulation, the max. number of data transmission trials per data packet is 4

	UE distribution 
	20% of users are outdoors (3km/h)
80% of users are indoor (3km/h) 
Users dropped uniformly with constraints

	BS receiver 
	MMSE-IRC. No MU detection. No chase combining

	UL power control 
	Open loop power control, P0=-110dBm, P0 increased by +2dB increments for each transmission retrial (max. Tx power is thus -104dBm), alpha=1.0 (full pathloss compensation)

	PRACH target power
	-120dBm, target increased by +2 dB for each preamble transmission retrial

	Channel estimation
	Ideal 

	Scheduling Request (SR)
	6 PRB for SR used per TTI, max number of SR trials is 4
Explicit and realistic modeling of SR transmission and detection (FCME)
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