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Our preference for signature sequence design is the following:

· ZC sequence length is 
· 631 if cyclic prefix is added (757 chips if cyclic prefix is omitted – see analysis in Section 2.3)
· Chip rate is 0.96 Mcps

· Sequence association with

· Random ID and CQI

· RACH slot is equal to 1 ms

· Can be extended to 2 ms

· Sequence repeated

· RACH slot repeats every 10 ms

· Open loop power control is used

· Power ramp up for subsequent access probes

· AGCH conveys at least

· Timing info

· UL resource assignment

1 Introduction

In this contribution, open design questions for Random Access Channel (RACH) procedure are addressed.  The working assumptions are as follows:

· Cyclically shifted  Zadoff-Chu [1] Zero Correlation Zone (ZC-ZCZ) sequences are used for access probes

· More than a single ZC sequence index per cell is permitted

· 64 different signatures per cell

· RACH bandwidth is 1.25 MHz

· Cyclic prefix added to support frequency domain processing (see discussion in Section 2.3 on the impact of cyclic prefix on the maximum supportable cell radius)
2
Physical Random Access Procedure

Access probe is transmitted over RACH. UE learns the location of RACH slots after decoding Broadcast Channel (BCH).

2.1 Transmit power and Response to ACK/NAK

Question 1: How to transmit the preamble (including open-loop power control), what to do in case of ACK/NACK or no response (interaction between PHY-MAC), details of RACH response(in the DL) etc.

The transmitted power of an access probe is determined by open loop method. Given the received signal from the eNode B, UE estimates the transmit power so the SNIR of the access probe at eNode B corresponds to the target value. Parameters that could be obtained from BCH that are helpful in determining the power of the access probe are:

· Transmit power of the eNode B reference signal 
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· RACH slots interference level 
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The open loop estimate of the UE transmit-power, 
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 can be computed as:
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Where 
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 is the total received signal power at UE, in time-frequency slots that correspond to the reference signal from eNode B, 
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is the target signal to noise ratio of the access probe at eNode B and 
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 is the inverse of the signal to other cell interference plus noise ratio for the time-frequency slots corresponding to the downlink reference signal, as measured by UE. In practice open loop estimate can be corrected with a correction factor, δ, so we can rewrite equation (1) as:
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where: 
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The interference correction is measured by UE, while offset power and added correction are signaled by eNode B over BCH.
In case of a successful probe, eNode B responds with a message over a downlink Access Grant Channel. (AGCH). UE is instructed with the AGCH message where to begin transmission on uplink Shared Data Channel (SDCH). AGCH message contains at least the following information:

· Timing advance

· UL SDCH resources

· Implicit C-RNTI (xOR’d on CRC and correlated with access probe signature sequence) 

The initial transmit power for the first uplink transmission would be estimated based on the mean transmit power for the successful access probe:
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(3)
where RACH_SDCH_power_offset is broadcast on BCH.

If UE does not receive an AGCH message with a predefined time interval, UE runs a back-off algorithm and attempt access in the next available slot after back-off algorithm is completed. Note that open loop power estimate is not very accurate [2]. It is therefore reasonable to allow UE to be more aggressive in its transmit power for subsequent attempts. The transmit power after back-off can be written as:  
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(4)
where i denotes access attempt and power_ramp_up(i)≥ 0, represents added power offset at access attempt i. For the first access attempt, power_ramp_up(0)=0 dB. 

2.2 Random Access Channels
Question 2: Definition of the time-frequency region (BW, where is it located, how often it occurs etc.), when it occurs (probably timing relative to the BCH or other common control channel etc. 

The following are the RACH parameters:

· RACH bandwidth is 1.25 MHz
· The channel repeats every 10 ms, which is fixed and therefore not signaled over BCH.

· The number of the random access channels, their frequency location and the offset relative to DL BCH is indicated on BCH.
2.3 Random Access Preamble Sequence
Question 3: Preamble format definition including ZC-ZCZ sequence construction, sampling frequency, guard interval length etc.

Zadoff-Chu sequences of length N is defined as: 
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(5)
where in case of RACH, it is assumed that r is relatively prime with N. 

Signature sequences produced as cyclically shifted versions of a Zadoff-Chu sequence for a common index, r, exhibit zero periodic cross-correlation within a zone, referred to as zero correlation zone. Partial correlation is not equal to zero, but it is quite small. As an example, Figure 1 illustrates partial correlation for ZC-ZCZ sequences of length 449. The second sequence is obtained by cyclically shifting the base sequence by 7 chips.
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Figure 1: Partial auto- and cross-correlation for ZC-ZCZ sequences

The figure suggests that the simultaneous reception of multiple signature sequences within a set derived from a common Zadoff-Chu sequence can be virtually interference free. However, exploiting the zero correlation zone requires careful system design in order to prevent collisions and excessive consumption of uplink resources. The length of the zero–correlation zone for a given set of m sequences is determined by the sequence length divided by the set size as:
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The length of the zero correlation zone need to coincide with the timing uncertainty, which is determined by the cell size. The timing uncertainty is equal to the sum of the propagation delays between the eNode B and UE or downlink delay and UE and eNode B or uplink delay. Hence, 2 times the propagation delay between eNode B and cell edge UE determines the maximum cell size. The actual length of the sequence for m>1, must fulfil the following inequality:
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where TTI is the transmission time interval and W is the RACH bandwidth. The following formula can be used to compute the maximum cell radius, R:
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and c=300,000 km/s. 

In order to enable frequency domain processing of access probes, it is proposed in [3] that extra overhead in terms of cyclic prefix be added to the signature sequence. The length of the cyclic prefix corresponds to the timing uncertainty of the access probe. In this scenario, the maximum cell radius is reduced to: 
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and the corresponding sequence length as:
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For TTI=1 ms, the difference is illustrated in Table 1. As it can be seen from Table 1, the impact of an addition of cyclic prefix is larger for bigger cells. Note that in practice, the maximum supportable cell radius will be smaller that shown due to the fact the cyclic shift of ZC sequence can only be integer number of chips. Table 2 illustrates the maximum sequence length, for a preferred sampling rate of 0.96 Msps. 
Table 1: Maximum supportable cell radius [km] as a function of the number of signature sequences with and without cyclic prefix; TTI=1 ms.

	Number of ZC-ZCZ sequences
	1
	2
	4
	8
	16
	32
	64

	No cyclic prefix
	R=75 [km]
	R=50

[km]
	R=30

[km]
	R=16 

[km]
	R=8.82

[km]
	R=4.54

[km]
	R=2.31

[km]

	With cyclic prefix
	R=50 [km]
	R=37.5

 [km]
	R=25

[km]
	R=15

[km]
	R=8.33

[km]
	R=4.41

[km]
	R=2.27

[km]


Table 2: Maximum sequence length for 0.96 Mcps access sequence rate with and without cyclic prefix; TTI=1 ms.
	Number of ZC-ZCZ sequences (m)
	1
	2
	4
	8
	16
	32
	64

	No cyclic prefix
	480
	640
	768
	853
	903
	930
	945

	With cyclic prefix
	320
	480
	640
	768
	853
	903
	930


A reasonable design approach is to select a single sequence length that would work for reasonably large cell radius and use it for all cells. Assuming that such radius is around 25-30 km, reasonable sequence length would be a prime number close to 768, in case of no cyclic prefix design and a prime number close to 640, in case when cyclic prefix is included. Such two numbers are and 757 and 631.  
We observe that the cyclic prefix-less design provides for 0.79 dB better link budget and 20% larger cell radius. 
2.4

Random access sequence selection
Question 4: Sequence implicit association with message (cause, random ID, CQI) etc. 

UE selects a signature sequence based on a random ID, pseudo randomly generated as uniformly distributed integer between 0 and 15. Pseudo randomly obtained ID narrows down signature sequence selection to 4 signatures. 

Actual signature sequence is selected based on the channel quality, as measured on DL reference signal. Channel quality measurement is quantised into 4 distinct levels using fixed thresholds and corresponding signature sequence is selected. Actual threshold values are for further studies.

2.5
Network planning

A set of sequences obtained by cyclically shifting a common index ZC sequence should be used by UE to access a particular cell. The choice of the ZC sequence index identifies Node B, access probe is addressed to. Cyclic shift of the base ZC sequence identifies information content of the access probe. Content of message consists of random ID and CQI.
In big cells, the timing uncertainty can be larger than the length of the zero correlation zone. In such scenarios, multiple ZC sequence indices need to be used for a single cell.
2.6 Link Budget

In order to account for cell edge performance for Zadoff-Chu signature sequences, we consider four different deployment scenarios described in TR 25.814 [4] and illustrated in Table 3.

Table 3: Deployment Scenarios.

	Scenario
	Carrier frequency
	Inter-site distance 
	Penetration loss
	Shadowing, σ
	Propagation model

	D1
	2 GHz
	500 m
	20 dB
	8 dB
	128.1+37.6log10(R)

	D2
	2 GHz
	500 m
	10 dB
	8 dB
	128.1+37.6log10(R)

	D3
	2 GHz
	1732 m
	20 dB
	8 dB
	128.1+37.6log10(R)

	D4
	900 MHz
	1000 m
	10 dB
	8 dB
	120.9+37.6log10(R)


The following formulas are used to evaluate the maximum supportable path loss. 
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(11)
where S represents receiver sensitivity, given as:
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SNIR is taken from simulations:
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and 
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The maximum path loss is computed (shown in Figure 2) and compared to the path loss observed in the simulations. If we want to support the path loss of up 140 dB, SINR of about -14 dB can be achieved for IoT=4.5 dB. In AWGN, link simulations shown in the appendix indicate that the success rate of the access probe is quite good, more than 99.9%. In case of TU3 model, the success rate is about 90% for cyclic prefix less design and about 85% if cyclic prefix is included. These results are quite good. However, the assumption is that only a single UE is accessing the system. If multiple UEs are accessing the system at the same time using distinct ZC sequence indices, as it is the case for larger cells, effective IoT as seen by other UE could be quite high. In such scenarios, open loop power control mechanism and power ramping are crucial for satisfactory performance of the random access procedure. 
Out of the deployment scenarios illustrated in Table 3, only scenario D3 is of interest, since all other scenarios are not link budget limited cases. Figure 3 shows the coverage as a function of SINR for scenario D3. 
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Figure 2: Maximum path loss as a function of SNIR for ZC-ZCZ sequence
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Figure 3: Coverage as a function of SNIR for ZC-ZCZ sequence
2.7 BCH signalling
RACH configuration is static per cell. The following information need to be broadcast:

· Cyclic prefix length
:
· For small cells R< 25 km – short prefix (166.6 micro seconds)

· For large cells 25 km < R < 50 km – long prefix (333.3 micro seconds)

· RACH slot location – time and frequency slots:
· Bandwidth of 1.25MHz is assumed and need not to be signalled 
· Chip rate of 0.96 Mcps is assumed
· Slot length:
· 1 ms

· Maximum supportable cell radius equal to 25 km for the design with cyclic prefix (30 km for the design without cyclic prefix)
· 2 ms 

· Signature sequence is repeated.

· Maximum supportable cell radius equal to 50 km for the design with cyclic prefix (60 km for the design with cyclic prefix)

· ZC sequence indices and time shifts:
· Indices of sequences in use

· Time shifts of all sequences in use

· Sequence length is fixed, 631 if cyclic prefix is included (757 if cyclic prefix is not included) and need not to be signalled

· Open loop power control parameters
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Appendix

In order to evaluate the RACH performance, we resort to simulations. As an example, the following are the RACH parameters used for simulations:

· RACH slot duration is 1 ms

· RACH signal bandwidth is 0.96 MHz

· Signature sequence length 757 chips (cyclic prefix less design)
· Chip rate 0.96 Mcps

· Time guard interval is 0.2 ms

· Signature sequence arrive randomly within time guard interval

· Pulse shape – truncated sinc

· A set of m orthogonal sequences could be obtained by shifting a common Zadoff-Chu sequence of length N by N/n. In this contribution we set m=64. 

Simulation assumptions

Link simulation is performed at the sub-chip level. Truncated sync pulse shown in Figure 4.
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Figure 4: Simulated pulse shape

Simulation assumptions:

· UEs randomly pick signature sequences

· One UE is transmitting at any point in time

· eNode B receiver correlates for all 64 possible signature sequences

· If received signal exceeds the threshold, access signature sequence is detected

· Sampling frequency at the transmitter is chip x 8 or 7.68 MHz

· Sinc pulse is approximated with chip x 8 sampling

· Channel models are simulated with chip x 8 resolution 

· AWGN

· TU3 

· Sampling frequency at the receiver is chip x 2 or 1.92 MHz

· Timing is unknown

· eNode B receiver correlates the received signal assuming all possible timing hypothesis with time 

· Probability of false alarm per RACH slot is, Pfa=0.01. 

Simulation results

In Figure 5 and , we summarize our simulation results for AWGN and TU 3 model assuming realistic unknown timing. Pfa=0.01 for m=64.
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Figure 5: Simulation results for AWGN and TU 3
Table 4: Required SNIR for RACH signature sequence for chip x 2 sampling
; TTI=1 ms.
	Pfa=1%
	AWGN
	TU 3

	Pd=90%
	-17.8 dB
	-14.0 dB

	Pd=99%
	-16.4
	-10.5 dB


� Not necessary for cyclic prefix-less design 


� Large cells could be supported with either shorter sequence length, or longer RACH slot. Longer TTI would help with the link budget issues. Propagation limit for 2 ms RACH slot if cyclic prefix is excluded is R=150 km. In case cyclic prefix is included, R=100 km.


� With cyclic prefix, approximately 0.79 dB higher SNIR is required for the same performance.
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