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1. Introduction
The random access is an important procedure for a UE to gain network access. During this procedure, the UE synchronizes to the Node B in the uplink direction, and exchange other necessary handshaking information. A UE first synchronizes to the Node B using SCH in the downlink direction. It then transmits a preamble of sufficient length to the Node B. Based on the received preamble signal, the Node B determines the timing misalignment between the Node B and the UE in the uplink direction, and performs other handshaking tasks. The UE, after receiving the time alignment message from the Node B, further transmits higher-layer signaling on the designated/scheduled resources. For random access, a contention-based physical random access channel has been proposed as illustrated in Figure 1 [1]. A subframe of 0.5 ms is reserved for random-access once per TPRACH-REP.   In Figure 1, the system bandwidth is assumed to be 5 MHz. In the TSG RAN WG1 #46 meeting in Tallinn, it was decided that a 1 ms long preamble sequence would be used for asynchronous random access.  For large cells, the 1 ms long sequence will be repeated to achieve the desired coverage. In this contribution, we use both 0.5 ms and 1 ms as the RACH duration length to study the RACH preamble structure. 
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Figure 1: Time-frequency mapping of physical random-access transmission.

2. Preamble Design

2.1. Sequence selection
It is agreed upon at the TSG RAN WG1 #46 meeting that the Zadoff –Chu sequence would be chosen for the construction of the random access preambles. The Zadoff –Chu sequence can be mathematically represented by the following equation [2],
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where 
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 denotes the sequence-index, 
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is the sequence length and is customarily chosen as prime number. In this case there are 
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different Zadoff-Chu sequences with distinguished sequence indices. To separate different UE’s that may simultaneously attempt to access the network, a UE shall randomly select an index out of a set of indices to form/generate a random access preamble. For each new attempt, a new random selection is carried out. In order to suppress inter-cell interference, adjacent Node B’s should use different sets of sequence indices. In this contribution, each set contains 16 indices from which a UE can choose one.

In the first step of the RACH procedure, the UE transmits a preamble in the 0.5 ms random-access subframe. A certain length of guard time, TGP, has to be used to account for the initial timing misalignment of the uplink transmission. The timing misalignment amounts to about 6.7 (s/km.  For a UE-Node B distance less than 15 km, TGP = 100 (s would be sufficient, leaving approximately 400 (s for the preamble. 
Figure 2 shows the timing and duration of the random-access preamble relative to the random access sub-frame [2].
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Figure 2 Random-access sub-frame and corresponding preamble
The empty signal period TDS at the beginning of the preamble serves as guard period to prevent the corruption of the RACH preamble by the transmission tail of the previous subframe and should be equal to or greater than the maximum expected delay spread of the channels. This maximum channel delay spread is typically in the order of 5 μs. 
2.2. Frequency domain processing of the RACH preamble
As mentioned above, the tasks of random access include the detection of the RACH preamble and the determination of the timing misalignment between the Node B and the UE in the uplink direction. These two tasks can be combined and efficiently handled in the frequency domain. If the timing misalignment is treated as part of the wireless channel between the UE attempting to access the network and the Node B, then the RACH processing becomes a channel identification problem. Figure 3 shows two approaches to channel identification using preamble. One approach is based on the use of cyclic prefix; the other one is the so called overlap and add approach. The channel identification process is described below.

[image: image7]is the N-point circular convolution of the preamble sequence t and the RACH channel h.
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Figure 3  Preamble Based Channel Identification

In Fig. 3, t represents the preamble sequence. For the cyclic prefix approach, the tail of the preamble sequence of L samples long is padded at the beginning of the preamble. This process is known as the cyclic prefixing. The cyclic prefixed preamble is passed through the RACH channel h. At the output, the first L samples are thrown away, and the next N samples are the N-point circular convolution of the preamble sequence t and the RACH channel h. For the overlap and add approach, an L-sample long gap is inserted at the end of the preamble. At the channel output, the L samples at the end of the first N+L samples are added to the beginning of the channel output. This process is known as the overlap and add. The resulting N samples at the beginning of the channel output are the N-point circular convolution of the preamble sequence t and the RACH channel h.

Let x be the N-point circular convolution of the preamble sequence t and the RACH channel h. If the sequence t has an ideal autocorrelation function property, i.e. its autocorrelation is the Dirac delta function, which is the case if the preamble is constructed from Zadoff –Chu sequence, then the output of the N-point circular convolution of x and the preamble sequence t is the wireless channel to be identified. It is well known that the N-point circular convolution can be implemented efficiently in the frequency domain using Fast Fourier Transform. 
2.3. RACH burst structure
The above discussion leads to two RACH preamble structures shown in Figure 4 and Figure 5, based on the cyclic prefix approach and the overlap and add approach, respectively.
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Figure 4 RACH Structure Using Cyclic Prefix
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Figure 5 RACH Preamble Structure Using Overlap and Add Approach
Using the parameters provided in [2], where TGP = 100 s, TDS = 5 s, the effective random-access preamble duration for the cyclic prefix approach is approximately 500 s - TGP - TDS = 395 μs, and for the overlap and add approach, the effective random-access preamble duration is approximately 500 s - TGP – 2 TDS = 390 μs.
2.4. Detection performance
In this section we evaluate the random access detection performance of the two RACH preamble structures given in Figure 4 and Figure 5, respectively. In the simulations, the preamble has a length of N = 499 samples, the search window is of 63 samples long. The sampling rate of the preamble sequence is assumed to be 1.125 MHz. Therefore the duration of the preamble is about 443 s, and the search window (TGP+TDS) is approximately 56 s. This corresponds to a maximum cell radius of about 8.4 km. The false alarm rate is set to 1%. In the presence of random accesses, if the peak of the matched filter output exceeds the pre-specified threshold with a correct sequence index, and the delay (time misalignment) estimate is within the channel delay spread from the true delay value, a correct detection will be declared. If the peak of the matched filter output exceeds the pre-specified threshold but the sequence index is wrong, or the delay estimate difference from the true value is greater than the channel delay spread, error detection is said to have occurred. All random accesses are assumed to transmit preambles with different sequence indices and have equal power. The performance with two different preamble structures is evaluated for both AWGN channel and the typical urban channel at 3 km/h. The simulation results are given in Figure 6 to Figure 9. Note that the miss detection probability equals to one minus the detection probability.
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Figure 6  RACH Performances in AWGN Channel (Miss Detection Probabilities)


[image: image12]
     

Figure 7  RACH Performances in AWGN Channel (Error Detection Probabilities)


[image: image13]
Figure 8 RACH Performances in Fading Channel (Miss Detection Probabilities)


[image: image14]
Figure 9 RACH Performances in Fading Channel (Error Detection Probabilities)

From Figure 6 to Figure 9, we see that when the preamble structures shown in Figure 4 and Figure 5 are used, their RACH performances are very similar. 
2.5. Further examination of the preamble structure using cyclic prefix

Our simulation results seem to indicate that the two preamble structures presented in Figure 4 and Figure 5 are equivalent as far as the RACH detection performance is concerned. However, careful examination of Figure 1 and Figure 4 reveals that unless the UE attempting the access is very close to the Node B, the tail of the RACH preamble transmission will corrupt the data transmission of the subframe following the RACH subframe. In order to prevent this data corruption from happening, the following preamble structure shown in Figure 10 using cyclic prefix approach would have to be used. While this structure works well in principle, the extra gap inserted at the end of the RACH subframe reduces the effective length of the preamble sequence. In case that the parameters presented in [2] are adopted, this reduction in the effective preamble sequence length (from about 400 s to about 300 s) represents a reduction of about 2.5 dB in processing gain, which would in turn severely impact the RACH performance. It should be noted that the impact on the RACH performance due to the insertion of the gap at the end of the random access frame for the cyclic prefix approach would be relieved a little bit when the random access duration length is 1 ms. This is because the percentage reduction of the effective preamble length is smaller when the random access duration is doubled from 0.5 ms to 1 ms. In the next section, we examine the performances of the cyclic prefix (CP) approach and the overlap and add (OLA) approach when the random access duration is 1 ms. 

[image: image15]
Figure 10 Preamble Structure Using Cyclic Prefix without Corrupting Data
2.6. Performance comparison of the CP and OLA approaches with long subframe

Figure 11 and Figure 12 show the preamble structures and parameters used for performance comparison for the CP and OLA approach, respectively. The sampling rate of 1.125 MHz for the random access preamble is used in the simulations presented in this section. The miss detection probabilities (or equivalently, the one minus the detection probabilities), no detection probabilities and the error detection probabilities are shown in Figure 13, Figure 14, and Figure 15, respectively.
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Figure 11 RACH Preamble structure and parameters  for the CP approach
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Figure 12  RACH preamble structure and parameters for the OLA approach
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Figure 13 RACH Performances in Fading Channel (1-Detection Probabilities)
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Figure 14 RACH Performances in Fading Channel (No Detection Probabilities)
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Figure 15   RACH Performances in Fading Channel (Error Detection Probabilities)
3. Conclusions
Based on the analysis and the numerical simulation results presented in the previous sections, we found:

· To employ the efficient frequency domain processing, the RACH preamble structures shown in Figure 5 for the overlap and add (OLA) approach and Figure 10 for the cyclic prefix (CP) approach may be used. 
· From the detection performance point of view, the OLA approach has some advantage over the CP approach. Comparing to the CP approach, the longer preamble length for the OLA approach seems to offset more of its disadvantage of the noise addition due to the overlap and add operation.
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