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Introduction

During RAN1#45bis, it was agreed to indicate that the unsynchronised RACH may be able to carry up to 4 bits, which would be signalled implicitly via the choice of preamble sequence. The synchronised RACH, on the other hand may carry up to 24 bits in a data field, separate to any preamble [5].

However there is still a need to clarify how these capacity figures are impacted in a multi-user environment, where there is a trade off of RACH capacity and throughput. Furthermore finer details of the RACH design, such as the choice of sequence, sequence length and guard interval length need still to be decided. It was also agreed, at the RACH session during the last RAN1-RAN2 joint meeting, that RAN1 should study the need and means to keep the UE uplink time synchronized.
This paper examines firstly the unsynchronised, then the synchronised RACH and then finally various aspects of uplink time synchronization.
Unsynchronised RACH

Assumed structure

We assume that the unsynchronised RACH will consist of a preamble and a guard period sufficiently long to allow for the longest round trip time for the cell in which the UE is located. For the preamble sequence, we considered a modulated Zadoff-Chu sequence as it appears that such sequences can afford superior detection performance to the existing WCDMA RACH sequence whilst, if properly designed not worsening PAPR [4]. The length of such a sequence is equal to sm2 where s is any integer and m is the length of the modulating sequence. We considered m=16. This allows for a random selection from 16 orthogonal sequences, or a 4 bit signalling implicit in the choice of sequence.
We assume also that the preamble is transmitted in a bandwidth of 1.25MHz, however several RACH opportunities may be aggregated in larger bandwidth scenarios.
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Figure 1 Example RACH slot. In this case, the RACH slot takes up 2 subframes and 5MHz, allowing 4 parallel RACH channels.
Required amount of RACH opportunities

The probability of collision on the RACH is given by 
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, where R is the mean rate of RACH accesses per second and N is the total amount of RACH opportunities per second. Figure 2 shows the required amount of RACH access opportunities per second according to the RACH access rate, assuming 1% and 10% collision probabilities.
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Figure 2 Required RACH access opportunities according to RACH access rate and collision probability

RACH preamble length

The length of the RACH preamble is determined by the amount of processing gain that is required for obtaining an acceptable detection performance for the worst case uplink SIR expected in the cell. Table 1  indicates cell edge CIRs for Cases 1-4. 
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Figure 3 Uplink C/I for the simulation cases in 25.814
	Case
	Cell edge CIR

	1
	-5 dB

	2
	> 0 dB

	3
	-20 dB

	4
	>0 dB


Table 1 UL cell edge CIRs for the simulation cases defined in 25.814
Figure 4 shows the dependence between preamble length and RACH throughput at varying cell edge SIR, where the bandwidth is 1.25MHz. For CIR>-5dB, a preamble length of <0.5msec is sufficient, however to cover the most extreme cell edge CIR, lengths of up to 4 msec may be necessary.
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Figure 4 Required preamble lengths according to detection rate and C/I

Figure 5 shows the impact on detection performance of more than one user transmitting a sequence at the same time, where there is no collision between the sequences. The good cross correlation property of the modulated Zadoff-Chu sequence means that there is little interference from multiple users, hence sequence choice can be effectively used as an additional dimension in defining the number of RACH access opportunities.
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Figure 5 Modulated Zadoff-Chu sequence performance with increasing numbers of simultaneous codes
The figures indicate that it might potentially be useful to allow multiple preamble processing gains in order to cope with different cell edge SIR requirements. Some means for achieving multiple processing might be:
1. Semi-static pre-amble length
2. Require the UE to transmit RACH repeatedly in a (configurable) number of RACH slots

3. Require the UE to transmit (configurable) multiple preamble sequences in one slot

4. Enable variable RACH bandwidths

Option (2) would lead to an increase in RACH overhead, since the guard periods get repeated multiple times. Option (3) would increase PAPR for the UE. Option (4) would lead to an increase in the number of preamble sequences defined in the standard and would not solve the problem for narrow bandwidth systems. Thus option (1) seems preferable.

RACH slot length

Table 2 indicates the required  RACH slot length for cases 1-4 and for some larger cell radii. 

	Site to site distance (km)
	RTT (msec)
	Required RACH length (0dB CIR) (subframes)
	Required RACH length (-10dB CIR)

(subframes)
	Required RACH length (-20dB CIR) (subframes)

	1
	0.0033
	1
	1
	4

	5
	0.017
	1
	1
	5

	10
	0.033
	1
	2
	5

	50
	0.177
	1
	2
	5

	100
	0.333
	1
	2
	5


Table 2 RTT and required RACH slot length according to cell radius
The RTT lengths indicate that there is never a need for a guard period greater than 0.5msec. However the total length of the RACH preamble and guard period may depend on the cell size in some cases, depending on the worst case C/I allowed for in the design. However the total length of the RACH should not vary from the preamble length by 1 subframe.
Thus we would recommend a semi-static configuration of the total RACH size with two values; either 
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 subframes.
RACH overhead

The RACH overhead is now examined for cases 1 and 3 considering the possibility of using the RACH for signalling or for extending the number of RACH access opportunities.

In this section, it is assumed that if several users use the RACH in the same frequency band and timeslot but with different signatures then the network will be able to differentiate between the users; the ability to do this was demonstrated above.

If the RACH is used for signalling and the occurrence of signalling patterns is reasonably random, and the response of the network to a RACH depends in some way on the signalling (i.e. independent resources can be allocated to 2 users who use the RACH in the same time/band but with different signalling messages), then the signalling can effectively be accommodated for “free”; i.e. the presence of signalling does not affect the amount of RACH access opportunities. On the other hand, if certain signalled values are more likely than others or if the network is not able to respond and allocate resources in a signalling specific manner, then using the preamble sequence to indicate signalling will increase the RACH overhead. In the following, two extreme possibilities are considered; one in which the set of preamble sequences always provides an additional dimension to the RACH access opportunities and the second, in which it does not.
The required length of RACH slots for cases 1 and 3 are 1 and 4 subframes respectively. It is assumed that a bandwidth of 5 MHz is available for RACH (i.e. 4*1.25MHz in parallel) in each RACH slot. If preamble sequences are assumed to increase RACH dimensionality, the amount of RACH opportunities available per RACH slot is 4*16 = 64. If signalling using the preambles means that this is not the case, then the number of RACH opportunities per slot is 4.
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Figure 6 RACH overhead Case 1
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Figure 7 RACH overhead (case 3)
Figures 6 & 7 indicate the RACH overhead according to the RACH throughput for the asynchronous RACH for cases 1 and 3.  The figures indicate that the RACH should offer sufficient throughput at a reasonably low overhead level. However if a single stage RACH with low collision probability is required, then either signalling should not be sent on the RACH or care should be taken that the network is able to respond to two terminals transmitting signalling at the same time with independent signalling and resource allocations. In this case, as long as the probability of some signalling messages are not substantially higher than others, then the RACH should be capable of offering up to 4 bit signalling capability with negligible additional overhead.

Synchronised RACH

The synchronised RACH consists of (i) a preamble and (ii) several DFT-SOFDM symbols containing a signalling message. In this case, no guard time is necessary as the terminal already has synchronisation to the basestation. The preamble is required for channel estimation. A preferable format is one in which the preamble is placed in the two short symbols; if possible using the same set of sequences as the uplink pilots. If this is the case, then decoding the uplink RACH becomes similar to decoding the uplink shared channel.
Up to 24 bits signalling should be available in 5MHz [5]. In case coverage is an issue, extension of the RACH TTI length could be considered, whilst keeping the above structure. One issue to be considered is the amount of bits that can be sent in the synchronised RACH in a 1.25MHz cell.
There are two basic means of dealing with collisions:

· Allow for CDM of synchronised RACHs or

· Allow for multiple bands in which synchronised RACHs can be sent

The first of these two options requires a somewhat different receiver compared to the uplink SCH. The second maintains orthogonality, but will offer a reduced number of RACH opportunities, and requires a bandwidth >5MHz
Assuming a RACH bandwidth of 5MHz, Figure 8 indicates the percentage of a 5MHz bandwidth required for a synchronised RACH compared to RACH throughput. Also indicated is the expected throughput where the CDM case is considered and up to 4-16 users transmit simultaneously in the same slot per 5MHz (or alternatively, the synchronised RACH is designed over 1.25MHz and 4 FDM opportunities are available in 5MHz).
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Figure 8 RACH overhead for synchronised RACH in 5MHz considering (i) 5MHz Synchronised RACH, no CDM, (ii) 1.25MHz Synchronised RACH, no CDM, (3) 5MHz synchronised RACH, CDM with 4 or 16 codes
Clearly if a significant amount of RACH access opportunities are desired, then either CDM must be used, or the amount of bits sent using the synchronised RACH must be significantly less than 24 in order that the RACH bandwidth can be reduced. 
For the synchronised RACH, power ramping would be undesirable. In designing a CDM access scheme, care would need to be taken in considering whether the UEs fast fading would lead to significant received power variations between codes and hence missed detections due to the near/far effect, as well as avoiding false detections.
Uplink time synchronization
In this section the need and means of uplink time synchronization are discussed. Table 3 summarizes means and E-UTRA requirements on time synchronization, state transitions delay and the number of users in the LTE RRC protocol states. 

	RRC Protocol State 
	# of supported users for 5 MHz BW
	Transition delay [ms]
	UL Sync. Required ?
	Means of UL synchronization



	RRC_Idle
	>200 [2]
	<100 to RRC_Connected [2]
	No
	Non-synchronized RACH for state transition

	RRC_Connected
	Active
	200 [2]
	
	Required
	1. Based on UL data 

2. Non-synchronized RACH e.g. during non- synchronized handover 

	
	Dormant
	>200 [2]
	<50 to Active [2]
	May be required
	1. Non-synchronized RACH
2. Other uplink signals


Table 3 Requirements and means of UL time synchronization
Based on the above requirement table, we conclude that in order to efficiently fulfil the 50 ms reactivation delay of a large umber of dormant users in the RRC_Connected state, inactive UEs should be kept UL time synchronized at least for a certain period of time during inactivity in RRC_Connected, this may depend on the service type. 

The following means to keep these UEs uplink synchronized can be considered:

1. Non-synchronized RACH

2. Uplink sounding reference symbols and DL CQI reports

3. Synchronized, periodic, predefined uplink transmission e.g. dummy synchronized random access bursts
Method (1) would be inefficient because of unnecessary guard periods, collision risks, and the necessity to allocate more contention-based RACH resources to support more non-synchronized traffic. Option (2) seems more efficient and can be used for short inactivity periods, when instantaneous DL/UL channel state information is required at the scheduler. Option (3) seems preferable for maintaining uplink synchronization for longer inactivity periods of dormant UEs. In this case, up-to-date channel state information, from sounding reference symbols/CQI reports, is not required for instantaneous transmission/scheduling; and the UE can be configured with DTX/DRX cycles [3]. The time interval of such uplink bursts can be configured according to the timing drift between timing advance (TA) adjustments, and the time alignment control (TAC) algorithm can be binary. 
Furthermore, the synchronization bursts can reuse the design of synchronized random access bursts or uplink reference symbols, since the time synchronization is maintained and no guard period is required for this signals. No additional information needs to be contained in the dummy bursts, because they are used only for time synchronization (power control), and they are transmitted by the UE on predefined TDM/FDM (or TDM/FDM and code) resources. In such a case, if the synchronized RACH structure proposed above is adapted and also used as the dummy synchronized RACH burst, such a burst with no message part would be a preamble/pilot only.     
Conclusions

· Both missed detection and false detection need to be considered carefully; false detection leads to wastage of UL capacity
· Unsynchronised RACH

· Modulated Zadoff-Chu based preambles

· Semi-static preamble length (with limited number of configurations)

· Semi static RACH slot length (2 values; either rounded up preamble length or rounded up preamble length + 1 subframe)
· Configurable number of RACH slots/frame and 1.25MHz RACH channels/RACH slot

· If 4 bits signalling is to be sent on the RACH, network should be able to respond separately with separate resource allocations according to the actual message sent. Also the probability of each of the 16 messages should be approximately equal

· Synchronised RACH
· Same subframe structure as UL data channel
· “Preambles” sent in short blocks using pilot sequences

· Consider either CDM or defining RACH over 1.25MHz, possibly with fewer than 24 bits.

· Need to consider carefully feasibility of CDM taking into account near/far problems due to lack of exact power control for UEs accessing the synchronised RACH

· Uplink time synchronization
· Shall be maintained for dormant UEs in RRC_Connected to some extend of inactivity
· No additional signals need to be defined, periodic synchronized random access bursts/reference symbols are feasible
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