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1. Introduction
This paper deals with synchronized RACH transmission in LTE uplink. This contribution is a resubmission of [8]. 

Contention based synchronized random access procedure may be used when the UE uplink is time synchronized by the Node B. Synchronized RACH is used for resource requests for uplink data transmission. One of the objectives of the synchronized random access procedure is to reduce the overall latency [1]. An alternative to synchronized RACH is to use scheduling request approach as discussed in [2]. 
So far, few contributions on synchronized RACH have been presented [3-5]. Some of the contributions follow the current uplink sub-frame structure [3, 4] whereas the others propose a new sub-frame structure for synchronized RACH [5]. In this paper we compare different approaches with FDM/CDM based multiplexing schemes assuming that the current UL sub-frame structure is utilized also with synchronized RACH. An assumption is to have 24 information bits per user to be carried with synchronized RACH message as mentioned in LS sent to WG2 at the RAN WG1 #45 meeting [6]. 
2. Requirements for Synchronous RACH
Synchronous Random Access Channel has some special requirements in orthogonal systems like SC-FDMA (Single-Carrier Frequency Division Multiple Access). Due to the contention based nature of RACH, fast Node B controlled resource allocation cannot be used. Because of the nature of RACH neither fast TPC nor fast AMC can be used. This indicates that sufficient degree of processing gain is needed to convey the bits with adequate reliability. The TTI length decision made in Tallinn meeting [7] applies also to the synchronized RACH. We think that sub-frame based frequency hopping is the key mechanism to provide frequency diversity for synchronized RACH.  
As mentioned, two different approaches have been proposed with respect to the sub-frame format of the synchronized RACH. We share Motorola’s view that in order to avoid the interference with shared channel (UL shared data channels ↔ Synchronous RACH channels) sub-frame format of synchronized RACH has to the same for both channels (in terms of number of symbols, symbol lengths and CP lengths). Otherwise the benefits of being time synchronized with the Node B will be lost. From the shared channels point of view the synchronized RACH channels are strong non-orthogonal interferers in case when RACH signals are not cyclic with respect to the blocks of the shared data channels. 
With contention based access we are dealing with the statistical multiplexing which is an "on-demand" type of service. With contention based access important measures are coverage area and the collision probability which depends mainly on 

· load of the contention based service
· number of access slots in a given frequency and time resource (e.g., 6 per PRB, 1 TTI)

· allocation frequency of the given resource (e.g., once per 2 ms)

Thus, one criteria for the preferred multiplexing scheme is the amount of orthogonal access slots in a given frequency and time resource.

3. Comparison of CDM and FDM based multiplexing schemes
With respect to different multiplexing schemes for synchronized RACH, there are three basic ways to multiplex the signals within the given time and frequency region, FDM, TDM and CDM, and hybrids of them. This section discusses the merits and demerits related to the different multiplexing schemes. We are focusing on FDM and CDM based techniques. With respect to TDM we note that TDM multiplexing inside TTI is not attractive since the transmission does not span over whole TTI. This indicates coverage problems. However, TDM multiplexing outside TTI can be applied. This can be performed in order to reduce the collision probability but it is done at the expense of increased latency.  
FDM type of multiplexing

FDM multiplexing is illustrated in Figure 1. It can be noted that FDM leads to the utilization of very narrow transmission bandwidths. Assuming QPSK with effective coding rate of ½ and TTI length of 1 ms we only need 2 sub-carriers to carry 24 information bits. 6 orthogonal access slots per PRB can be provided with FDM approach. Of course, it is possible to increase the number of sub-carriers as was done in [4, 5] (additional processing gain) but it will decrease the number of orthogonal access slots and thereby increase the collision probability.
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Figure 1. Principle of FDM-multiplexing, 6 access slots / 1 PRB / 1 TTI
One problem with FDM (only) approach is that the interference is an issue with this approach. This applies for both intra- and intercell interference. Another problem with FDM approach is related to the reference signals needed in coherent detection. It has been shown in various contributions that FDM type of multiplexing is very sensitive to inter-cell interference. Assuming transmission of two sub-carriers, there is only one pilot sub-carrier allocated for a single UE.  If there is a frequency hop inside the sub-frame possibilities for coherent averaging against inter-cell interference are very limited. Also allocation of only two sub-carriers is not in line with the minimum physical resource block size which is 12 sub-carriers.
CDM type of multiplexing

There are basically two CDM schemes that can be used to multiplex different users orthogonally into a certain frequency and time resource. These are:
· Block-wise spreading using e.g., Hadamard codes 
· CDM based modulated CAZAC sequences 
The principle of block-wise spreading is shown in Figure 2. With synchronized RACH the block-wise spreading (e.g., Hadamard) can be applied e.g., for the 4 middle LBs of the sub-frame. Spreading factor equals to four in this arrangement. The spreading is used on top of DFT-S-OFDMA transmission scheme [1]. As can be seen in Figure 2 the LB#1 and LB#6 of the sub-frame are used for pilot transmission together with SB1 and SB2. This is due to the fact that the operation point in terms of SNR decreases when the spreading is applied. To optimize the link performance in the spread system the pilot energy has to be increased.
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The principle of spectrum usage is shown in Figure 3. The considered CDM type of allocation, with allocation of a single PRB provides 4 orthogonal resources in 180 kHz frequency band each having symbol rate of 24 ks/s. Thus, each resource is capable to convey 24 information bits assuming QPSK with effective coding rate of ½ and TTI length of 1 ms. 
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Figure 3. Principle of CDM-multiplexing based on block-wise spreading, 4 access slots / 1 PRB / 1 TTI

The block diagram for modulated CAZAC sequences based multiplexing is shown in Figure 4. In sequence modulator the CAZAC sequence is modulated by using BPSK, QPSK and  8PSK. Each sequence carriers 1 bit, 2 bits or 3 bits depending on the modulation scheme. It is possible to multiplex different UEs into the given frequency and time resource by allocating different cyclic shifts of CAZAC sequence for them. 
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Figure 4. Block diagram of CAZAC sequence modulator.

The principle of spectrum usage is shown in Figure 5. The considered CDM type of allocation, with allocation of a single PRB provides 6 orthogonal resources in 180 kHz frequency band each having symbol rate of 8 ks/s. This assumes that 6 cyclic shifts of CAZAC codes are used by different UEs. Alternatively, allocation of 12 cyclic shifts for each LB can be considered. This approach provides 12 access slots per PRB. Using modulated CAZAC sequences 8 bits / 1 ms TTI can be transmitted with QPSK modulation and effective coding rate of ½. This does not fulfill the requirement of 24 bits per TTI.  Thus, we recommended to use block spreding instead of  modulated CAZAC sequences because larger symbol space.
With respect to the reference signals needed by the coherent detection, we note that 12 orthogonal reference signals are needed when 12 UEs are multiplexed into a certain PRB. As discussed earlier, the LB#1 and LB#6 of the sub-frame can be used for pilot transmission together with SB1 and SB2. Block-level spreading of pilot signals (e.g., Hadamard spreading with  SF=2 or SF=4)  extends the number pilot signals that can be orthogonally multiplexed into a given frequency and time resource.

Figure 5. Principle of CDM-multiplexing based on modulated CAZAC sequences, 6 (or 12) access slots / 1 PRB / 1 TTI
5. Coverage issue
UL coverage issues were thoroughly discussed in the last RAN1 meeting held in Tallinn. It was shown that there is a coverage problem related data-associated control channels of two bits, when the TTI length is smaller than 2 ms. We note that it may be quite difficult to guarantee sufficient coverage for 24 bits the using synchronous RACH if we assume an extreme coverage limited case. There are some techniques that can be used to improve the coverage of synchronous RACH. One solution would be to extend the TTI length of synchronous RACH from 1 ms to 2 ms, e.g., using automatic retransmission. 

The coverage issue can be seen also as a question related to the system design. Should we optimize the synchronous RACH for typical environment or alternatively for an extreme case. We note that the non-synchronized RACH can always be used in case when the synchronous RACH does not have the sufficient coverage. Another approach for coverage problem is to reduce the number of carried bits in synchronous RACH. However, this would mean that the full UE-ID cannot be included in the message part of synchronous RACH. In this case some kind of reduced UE-ID or temporal UE-ID is needed.
6. Conclusions
In this paper we have discussed the requirements and multiplexing options related to the synchronized RACH. We have considered FDM and two type of CDM based multiplexing methods.  As conclusion we propose that a combination of FDM and CDM with block wise spreading meets the requirements of synchronous RACH in the best way: 
· Sub-frame format of synchronized RACH should be kept similar for both channels (in terms of block sizes and CP lengths) in order to avoid the interference with shared channel.
· Sufficient number of parallel resources are needed with the contention based access:  single PRB provides 4 orthogonal resources in 180 kHz frequency band. Thus, with 1.25 MHz bandwidth allocation  there are 24 orthogonal resources for synchronized RACH
· Each resource is capable to convey the required 24 information bits (QPSK with effective coding rate of ½ and TTI length of 1 ms).
Finally, we noted that it may be quite difficult to guarantee sufficient coverage for 24 bits the using synchronous RACH if we assume an extreme coverage limited case.
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