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1. Introduction
A text proposal summarizing the current definition of the Random Access Channel for E-UTRA was agreed at the RAN WG1 #44-bis meeting [1]. A number of options remain open though, an important one being the Random Access preamble design. This contribution focuses on non-synchronized Random Access preamble dimensioning and assumes TDM/FDM or all-FDM multiplexing scheme with scheduled channels.
2. Random Access preamble bandwidth
The Random Access preamble is used by the Node B for both detecting a Random Access attempt and estimating the UE’s round-trip delay. A minimum bandwidth of 1.25MHz was selected as baseline assumption in [1], mainly motivated by the accuracy requirement of round-trip delay estimation. So we focus here on the Random Access preamble bandwidth impact on the detection performance, in particular considering the following bandwidths: 1.25, 2.5, 5, 10, 15, 20 MHz. Table 1 below details the parameters used for bandwidth comparison and recalls, for information, those used in W-CDMA. The search window size corresponds to a 2.5 km cell radius. An RRC pulse shape filter with 0.22 roll-off factor is used. Note a different roll-off factor should not affect the conclusions. Same scrambling code and signature sequence as W-CDMA is used. More configuration details are available in the key of Figure 1. It should be noted that the use of any other signature sequences such as CAZAC would not affect the results since this is a single user link-level simulation [3].
Table 1: Simulation parameters for bandwidth performance comparison
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One would intuitively expect that the higher the bandwidth, the better the detection performance, due to the diversity gain. However, the latter must be assessed in a fair manner, i.e. assuming the same signal to noise energetic ratio, EP/N0, resulting from the accumulation (or despreading) over the same preamble duration, and the same false alarm probability, pfa, for all tested bandwidths. The former is obtained by weighing Es/N0 for each bandwidth so as to keep EP/N0 constant:
	(1)
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where Ns is the number of samples (or spreading factor) used to fill a Random Access preamble for a given bandwidth.

The false alarm probability, pfa, is kept constant by adjusting the detection threshold with respect to search window size [4], which increases with the bandwidth.

Figure 1 shows simulation results for the TU-6 channel. We can observe that the best detection performance is achieved by 1.25MHz and 5MHz preambles for low and high SNR’s respectively. The 2.5MHz preamble performs the best over the whole SNR range. The diversity gain of large bandwidths only compensates the threshold bias in the high SNR region corresponding to detection performances in the range of 0.9999 and above. If we use, as a reference, the highest detection probability used in W-CDMA test cases, 0.999, the performance gap between 1.25MHz and 5MHz preambles is below 0.5 dB. It should be noted that the preamble duration is split into 2 non-coherent accumulations to reflect the worst-case assumption of a high Doppler UE, limiting the channel coherence time.
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Figure 1: Random Access preamble detection performance vs bandwidth over 6-tap TU channel
As a result, we recommend not allocating bandwidth larger than 2.5 MHz to the Random Access preamble, and save the remaining frequency resource (if any) for either other Random Access preambles, thus reducing the collision probability, or other scheduled data (TDM/FDM option).
3. Resource allocation upon preamble detection
In E-UTRA, the Random Access carries some information (scheduling request, UE ID, …) sometimes referred to as the Random Access message. Two approaches are captured in [1] for conveying the message: it can be sent with the preamble or, separately, in a second step. In both cases, the Node B must allocate some UL resource to the UE based on known needs. It was shown in Section 2 that the preamble bandwidth optimization with respect to detection performance leads to a narrow bandwidth. As a result the preamble cannot be used for channel sounding. In absence of any knowledge of the UL frequency response over the system bandwidth, the Node B only has two options:

· Allocate distributed resource

· Allocate blindly localized resource based only on the amount of UL resource requested and available.

In the following, we investigate the performance benefit of optimizing with respect to the channel frequency response the allocation of the first assigned UL resource upon preamble detection. In order to do that, we ran simulations comparing 3 types of allocation:
· localized resource block without frequency scheduling (blind allocation),
· localized resource block with frequency scheduling,
· distributed resource block,
for the following cases:

· 3 – 60 – 120 km/h

· 3 and 5 TTI delay in scheduling

A scheduling delay between the preamble and the following data was modeled to reflect the non-instantaneous Random Access closed-loop latency. Other parameters are captured in Table 2.

Figure 2 below shows BLER performance of post-preamble scheduled data.
Table 2: Simulation parameters for post-preamble BLER of UL scheduled data

	Bandwidth
	5 MHz

	Modulation
	QPSK

	Channel estimation
	Real

	Pilot sequence
	CAZAC

	Channel type
	SCME
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Figure 2: BLER performance of post-preamble scheduled data
It can be observed that localized frequency scheduling outperforms other allocation methods for the 3km/h UE speed and that the scheduling delay has no impact on the performance, given the large coherence time for such speed. For 60km/h and 3 TTI delay, localized frequency scheduling provides 1 dB gain at 10% BLER over distributed and blind scheduling. Five TTI scheduling delay is beyond the coherence time of the signal, so frequency scheduling and blind scheduling are equivalent. For 120km/h the coherence time is even smaller, which results in no gain from frequency scheduling for both 3 and 5 TTI delays. It should be noted though that the three methods provide same performance at 10% BLER, so considering this working point for the HARQ, there is no loss either.
Given the benefit of the localized frequency scheduling method over other methods, we recommend using it for the allocation of the first assigned UL resource upon preamble detection. This participates to the robustness and low latency of the Random Access procedure.

4. Random Access preamble with wideband pilot
The above results call for means of estimating the channel frequency response beyond the narrow preamble bandwidth. We propose to address this issue by adding a wideband pilot that can be either attached or embedded to/in the preamble. Both attached and embedded options are described in Figure 3. The ‘T’-shape preamble corresponds to the former option where the wideband pilot is attached at the preamble end. The ‘+’-shape preamble corresponds to the latter option where the wideband pilot is merged with the preamble. In both cases, the pilot block should be kept short, typically of the same duration as the short block (SB) in the sub-frame format specified in [10]. Both pilot and preamble use sequences that are linked so that the Node B can derive the wideband pilot code from the preamble signature. The preamble uses CAZAC sequences which discrete autocorrelations are zero for all nonzero lags [7]. We further examine the orthogonal sequence space with preamble duration of ~0.8ms derived in [8] to achieve a detection probability of 0.99 with 10-3 false alarm over a 1.732km cell. The resulting maximum round-trip delay of 11.55 µs allows for 69 cyclic shifted orthogonal versions of the sequence. The sequence design of the wideband pilot needs more investigation in both cases. Note in the TDM/FDM multiplexing case, the wideband pilot is limited to the RACH access slot allocated bandwidth so that the concept best applies to the TDM-only option.
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Figure 3: Random access preamble with attached (left) or embedded (right) wideband pilot in FDM/TDM and TDM multiplexing options

4.1. Attached pilot
The wideband pilot has a higher collision probability than the preamble, which can also benefit from randomly choosing a resource block in the access slot (Figure 3). On the other hand, it is expected to benefit from the coarse time estimation of the preamble. For example, if two pilots use CAZAC sequences they can be separated as soon as they are 1 sample apart. This corresponds, for 2.5 and 1.25 MHz preambles, to UEs spaced apart by more than 60 and 120 meters, respectively, in the direction of the Node B. However, the guaranteed CAZAC orthogonality resulting from cyclic shifts of the same sequence is limited because the pilot duration is only a few times larger than the maximum round-trip delay. This calls for sequence sets with good auto- and cross-correlation properties such as e.g. ZCZ-GCL [3] for the wideband pilot. Finally, with this option, pilot to other UE’s preambles interference (and vice versa) is limited to the overlapping region due to non-aligned UE’s (Figure 3).
4.2. Embedded pilot
The wideband pilot crosses the preamble at a time position depending on the frequency resource block used by the preamble, so as to allow time multiplexing pilots of different frequency multiplexed preambles, therefore offering the same collision avoidance performance. The signature sequence of both the preamble and the pilot are such that they “coincide” in the crossing region: down-sampling the wideband pilot to the preamble sampling rate yields the preamble signature in this time interval, resulting in the wideband pilot bandwidth being an integer multiple of the preamble bandwidth. It should be noted that if a UE transmits at constant (e.g. maximum) power, the preamble samples picked from the wideband pilot will experience a power decrease compared to the non-pilot preamble samples, thus breaking the “constant amplitude” and therefore autocorrelation property of CAZAC sequences. More study is needed on how this impacts the collision avoidance performance.

4.3. Comparison
Table 3 compares attached and embedded options with respect to different performance criteria.

Table 3: Comparison of attached versus embedded wideband pilot
	Wideband pilot is:
	Attached

	Embedded

	Preambles orthogonality and autocorrelation property
	Good (CAZAC)
	Medium

	Wideband pilots collision avoidance
	Low, not as good as preambles collision avoidance
	As good as preambles collision avoidance

	Overhead
	Low
	None

	Wideband Pilot interference on other preambles
	Low
	Medium


5. Other benefits of the wideband pilot
In this section, we address how the wideband pilot, on top of providing means for channel sounding, can also improve the detection performance as well as the UE’s timing estimation accuracy.

5.1. Detection performance

As illustrated in Figure 4, the wideband pilot can be seen as an additional signal that can be further used as a 2nd detection stage, to verify the random access reception upon preamble detection. As such it allows for a 2-stage detection process thus potentially improving the overall detection performance or reducing the preamble length for the same overall pd and pfa performance [8]. Quantitative assessment of the practical benefit is FFS.
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Figure 4: Random access preamble with wideband pilot used as a verification stage of the detection
5.2. Fine timing acquisition

The time synchronization precision after preamble detection is in the order of the inverse of the preamble bandwidth. As a result, exploiting the wideband pilot requires finer time granularity which is achieved by running wideband sample phase bins around the initial synchronization estimate on the wideband pilot. This also allows the Node B to send back to the UE finer Timing Adjustment (TA) information. The time synchronization quantitative improvement over the wideband pilot is FFS.
6. Conclusion

In this contribution, we showed that the optimum bandwidth of the Random Access preamble with respect to the detection probability is 2.5 MHz, with marginal performance degradation when reducing it to 1.25MHz. We also proposed to add to the random access preamble a wideband pilot, which, with no or little overhead, provides support to the Node B for UL resource allocation to the UE for either the random access message or further L2/L3 data. Two implementation options are proposed: attached or embedded wideband pilot. In addition, this new scheme provides more potential benefits such as improved detection performance and finer time acquisition.
7. Text proposal

==================== Start of Text Proposal ===================

9.1.2.1.2.3
Preamble Design Principle
9.1.2.1.2.3.1 Preamble sequences

The preamble sequences shall be designed assuming no intra-cell interference from data transmissions (i.e., TDM/FDM operation).
The random access channel sequence(s) (e.g. based on CAZAC/GCL) used to generate the transmitted random access preamble waveforms should have the following properties:
1. Good detection probability while maintaining low false alarm rate e.g. by maximizing post-decoder Es/(Nt+Ne) for a occupied random access channel preamble where Ne is the residual interference due to other random access channel transmissions in a given random access channel and Nt is thermal noise.

2. Number of random access channel preamble waveforms should be defined to handle the maximum expected multiple access scenarios (traffic load) while guaranteeing low collision probability.

3. Enable accurate timing estimation (e.g. good autocorrelation properties and sufficient occupied BW).

4. Low power de-rating (low CM/PAPR). 

9.1.2.1.2.3.1 Preamble bandwidth
Two preamble bandwidths shall be considered: 1.25 MHz and 2.5 MHz.

9.1.2.1.2.3.1 Support for UL resource allocation
Means for channel sounding shall be transmitted along with the preamble. This can be for example a wideband pilot having the duration of a short block that is either embedded or attached to the preamble (Figure xxx). In the former case, the wideband pilot is attached at the preamble end. In the latter case, the wideband pilot crosses the preamble at a time position depending on the frequency resource block used by the preamble, so as to allow time multiplexing pilots of different frequency multiplexed preambles. The signature sequences of both the preamble and the pilot are such that they “coincide” in the crossing region (Figure xxx): down-sampling the wideband pilot to the preamble sampling rate yields the preamble signature in this time interval.
In both cases, pilot and preamble use sequences that are linked so that the Node B can derive the wideband pilot code from the preamble signature.
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Figure xxx: Random access preamble with attached (left) or embedded (right) wideband pilot in FDM/TDM and TDM multiplexing options
===================== End of Text Proposal ===================
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numerology

																																		Long Block		Short Block

		k						Bandwidth (MHz)		Block type		FFT sampling rate (MHz)		Nb sub-carriers		Preamble sampling rate (MHz)		RACH preamble duration				Access slot nb samples		SW size (samples)		Top tap position (spls)		Pad left for SW		Ec/No offset (dB)		sub-carrier width (kHz)		15		30

																		samples (Ns)		ms												Cell radius (km)		2.5

		0.5				LTE		1.25		Long		1.92		75		1.125		1024		0.91		2250		19		17.00		1226		6.02		User distance (km)		2.2366666667

										Short				38		1.14				0.90		2280		19		17.23		1256				Delay spread (us)		5

		1						2.5		Long		3.84		150		2.25		2048		0.91		4500		38		34.00		2452		3.01		Pulse shape epilogue (samples)		15

										Short				75		2.25				0.91		4500		38		34.00		2452				Access slot duration (ms)		2

		2						5		Long		7.68		300		4.5		4096		0.91		9000		75		68.00		4904		0.00

										Short				150		4.5				0.91		9000		75		68.00		4904				Min user dist (samples)		16

		4						10		Long		15.36		600		9		8192		0.91		18000		150		136.00		9808		-3.01		Highest tap at:		0.2		us

										Short				300		9				0.91		18000		150		136.00		9808				Clock offset on highest tap		0

		6						15		Long		23.04		900		13.5		12288		0.91		27000		225		204.00		14712		-4.77		Highest tap on sample #		17

										Short				450		13.5				0.91		27000		225		204.00		14712				Min user round-trip delay (us)		14.9111111111

		8						20		Long		30.72		1200		18		16384		0.91		36000		300		272.00		19616		-6.02		Min user distance (km)		2.2366666667

										Short				600		18				0.91		36000		300		272.00		19616				Min cell radius (km)		2.9866666667

						W-CDMA		5								3.84		4096		1.07		5120		64		57.2586666667		1024		0

								W-CDMA		LTE

						Bandwidth (MHz)		5		1.25		2.5		5		10		15		20		Preamble SNR (dB)

						Ec/No range (dB)		-13.12		-7.10		-10.11		-13.12		-16.13		-17.89		-19.14		23.00

								-15.12		-9.10		-12.11		-15.12		-18.13		-19.89		-21.14		21.00

								-17.12		-11.10		-14.11		-17.12		-20.13		-21.89		-23.14		19.00

								-19.12		-13.10		-16.11		-19.12		-22.13		-23.89		-25.14		17.00

								-21.12		-15.10		-18.11		-21.12		-24.13		-25.89		-27.14		15.00

								-23.12		-17.10		-20.11		-23.12		-26.13		-27.89		-29.14		13.00

						Spec		-15.5														20.62

								-13.4														22.72

								-20.5														15.62

								-20.1														16.02

						Static AWGN		-20.12														16

								-21.12														15

								-22.12														14

								-23.12														13

								-24.12														12

								-25.12														11





search space

		

				Cell radius		3.2		km

				System bandwidth		2.5		MHz

				Preamble sampling rate		2.25		MHz

				Search window		48		Samples

												Min Access slot duration

				Search factor		Nb bits		Search window		Equiv cell radius (km)		ms		samples

				1		0		48		3.2		1.02		2306

				2		1		96		6.4		1.05		2359

				4		2		192		12.8		1.10		2464

				8		3		384		25.6		1.19		2676

				16		4		768		51.2		1.38		3098

				32		5		1536		102.4		1.75		3943

				64		6		3072		204.8		2.50		5632

				128		7		6144		409.6		4.00		9012

				256		8		12288		819.2		7.01		15770

				512		9		24576		1638.4		13.02		29287

				1024		10		49152		3276.8		25.03		56320





duration

		

						WCDMA				LTE		1.25		MHz		LTE		2.5		MHz		LTE		5		MHz						Cell size		30		km

				Duration (us)		1066.67				100		200		300		100		200		300		100		200		300		Preamble SNR (dB)				Guard period		200		us

				Es/No range (dB)		-13.12				2.49		-0.52		-2.28		-0.52		-3.53		-5.29		-3.53		-6.54		-8.30		23.00				Subframe		0.5		ms

						-15.12				0.49		-2.52		-4.28		-2.52		-5.53		-7.29		-5.53		-8.54		-10.30		21.00				Preamble duration		300		us

						-17.12				-1.51		-4.52		-6.28		-4.52		-7.53		-9.29		-7.53		-10.54		-12.30		19.00

						-19.12				-3.51		-6.52		-8.28		-6.52		-9.53		-11.29		-9.53		-12.54		-14.30		17.00

						-21.12				-5.51		-8.52		-10.28		-8.52		-11.53		-13.29		-11.53		-14.54		-16.30		15.00

						-23.12				-7.51		-10.52		-12.28		-10.52		-13.53		-15.29		-13.53		-16.54		-18.30		13.00

				BW (MHz):		1.25		Cell size (km)		1		2.5		5		10		20		30

				Pd				Max Es/No (dB)		8.05		-6.91		-11.14		-21.73		-24.17		-29.81

								Guard period (µs)		6.67		16.67		33.33		66.67		133.33		200.00

				0.9		16		Min preamble duration (µs)		4.99		156.44		413.62		4744.92		8321.41		30457.12

								RACH burst duration (ms)		0.01		0.17		0.45		4.81		8.45		30.66

								Nb of 0.5 ms sub-frames		1		1		1		10		17		62

				0.99		18.5		Min preamble duration (µs)		8.87		278.19		735.53		8437.79		14797.79		54161.26

								RACH burst duration (ms)		0.02		0.29		0.77		8.50		14.93		54.36

								Nb of 0.5 ms sub-frames		1		1		2		18		30		109

				0.999		20.5		Min preamble duration (µs)		14.06		440.90		1165.74		13372.99		23452.91		85839.81

								RACH burst duration (ms)		0.02		0.46		1.20		13.44		23.59		86.04

								Nb of 0.5 ms sub-frames		1		1		3		27		48		173

				BW (MHz):		2.5		Cell size (km)		1		2.5		5		10		20		30

				Pd				Max Es/No (dB)		5.04		-9.92		-14.15		-24.74		-27.18		-32.82

								Guard period (µs)		6.67		16.67		33.33		66.67		133.33		200.00

				0.9		16		Min preamble duration (µs)		4.99		156.44		413.62		4744.92		8321.41		30457.12

								RACH burst duration (ms)		0.01		0.17		0.45		4.81		8.45		30.66

								Nb of 0.5 ms sub-frames		1		1		1		10		17		62

				0.99		18.5		Min preamble duration (µs)		8.87		278.19		735.53		8437.79		14797.79		54161.26

								RACH burst duration (ms)		0.02		0.29		0.77		8.50		14.93		54.36

								Nb of 0.5 ms sub-frames		1		1		2		18		30		109

				0.999		20.5		Min preamble duration (µs)		14.06		440.90		1165.74		13372.99		23452.91		85839.81

								RACH burst duration (ms)		0.02		0.46		1.20		13.44		23.59		86.04

								Nb of 0.5 ms sub-frames		1		1		3		27		48		173





link budget

		

				Parameter		Unit		Value

				Noise Power Density		dBm/Hz		-173.71

				Ue transmitter e.i.r.p		dBm		21

				Log-Normal Fade Margin		dB		-8

				Node-B receiver Antenna Gain (including cable loss)		dBi		14

				Receiver noise figure		dB		-5

				Ue-cell distance		km		1		2.5		5		10		20		30

				Antenna height		m		15		15		30		30		50		50

				Distance-dependent path loss: TR101.112		dB		-128.15		-143.11		-147.34		-157.93		-160.37		-166.01

				Signal power at baseband input		dBm		-105.15		-120.11		-124.34		-134.93		-137.37		-143.01

				System bandwidth		MHz		1.25		2.5		5

				Preamble Tx sampling rate		MHz		1.125		2.25		4.5

				Noise Power		dBm		-113.20		-110.19		-107.18

				C/N (=Es/No)		dB		8.05		5.04		2.03

						Temperature (°C)				35

						Temperature (K)				308.15

						K				1.38E-23

				Ue-cell distance		km		1		2.5		5		10		20		30

				Distance-dependent path loss (25.814)		dB		-128.10		-143.06		-154.38		-165.70		-177.02		-183.64

				Distance-dependent path loss (TR101.112): 15m antenna		dB





Path loss

		

						Distance-dependent path loss (dB)

				Formula		Spec		Ue-cell distance (km):				1		2.5		5		10		20		30

				128.1+37.6log10(r);r in km		TR25.814						128.10		143.06		154.38		165.70		177.02		183.64

						TR101.112		Antenna height (m)		15		128.15		143.11		154.43		165.75		177.07		183.69

										30		122.73		136.74		147.34		157.93		168.53		174.73

										50		118.74		131.47		141.11		150.74		160.37		166.01
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