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1. Introduction
This contribution is an update of [1], now also providing more details on the UE behavior. As opposed to the Random Access, the Scheduling Request is a contention-free access, and a three-step procedure was agreed in the RAN WG1 meeting#47bis in Sorrento [3]. The procedure is illustrated in Figure 1, extracted from the meeting report [3].
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Figure 1: Scheduling Request procedure for UL synchronized UEs.

In RAN WG1 meeting#50bis in Shanghai it was decided that the two-states Scheduling Request Indicator (SRI) was transmitted with On-Off Keying on a structure based on ACK/NACK design [4][2]. In each slot, the length 7 sequence is split into two orthogonal sequences, length 3 and length 4, as illustrated in Figure 2-left (normal CP structure). A length-2 orthogonal code covering the two sequences allows multiplexing up to six UEs per cyclic shift. Using up to six cyclic shifts out of twelve available per 180 kHz frequency resource block (RB) this SRI channel can multiplex 36 UEs per RB and per sub-frame (1ms). Given a desired SRI period of 10ms per UE, and assuming SRI channels are continuously allocated along one RB, the SR capacity is 360 UEs per RB, which is in-line with the estimated number of UL synchronized UEs in 5 MHz [5].
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Figure 2: SRI transmission per slot on PUCCH for short (left) / long (right) CP structures.
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Figure 3: Scheduling Request Indicator in PUCCH.

In this contribution, without loss of generality, we assume an SRI sent on the PUCCH, as shown in Figure 3, where the SRI is continuously allocated on one RB and where 36 UEs can be multiplexed in 1 RB-1subframe. Within the sub-frame, the SRI hops at both edges of the system bandwidth on a slot (1/2 sub-frame) basis. Careful attention has been given to design the SRI structure to optimize its performance while keeping it simple. However, once an SRI is detected, the eNB schedules the SR message of the procedure (message 3 in Figure 1) on the PUSCH, which conveys the SR request content and which transmission is as important as the SRI itself. In this contribution, we focus on the scheduling of this SR message and propose a fast and robust mean to secure its transmission through a contention-based sounding reference signal (SRS) associated to the SRI, thus allowing scheduling the SR message in a frequency selective manner and timing estimation..
2. Scheduling Request Sounding Reference Signal (SR-SRS)

We propose to reserve one or multiple sounding reference signal (SRS) resources in the next sub-frame(s) for the SRI sent in the current sub-frame. The SR-SRS is persistently allocated to the UE in the same manner as is the SRI resource: through higher layer signaling [6]. The multiplexing of the reserved SRS resources for the SR with other UE’s SRSs is done by a combination of CDM and FDM, as for any other SRS’s. The bandwidth of the reserved SRS’s for SR should not be smaller than 6 RB’s (1.08 MHz) to allow for frequency dependent scheduling of the SR message on the PUSCH within this bandwidth, and timing estimation. Having the SRS in the next sub-frame prevents from transmitting the SRS and SRI in the same symbol, which would break requirements on single-carrier property of the LTE UL [1]. Figure 4 illustrates the concept for the case where the SRS is allocated on the 1st symbol of a sub-frame and where one SRS symbol is allocated every sub-frame. The yellow symbols are data symbols and the grey symbols are the demodulation reference signal (DMRS) symbols. In addition, to ease the reading of the figure, the slot hopping of the SRI is not reflected, but does not affect the illustration of the mapping between SRS and SRI. Figure 5 illustrates the concept for the case where the SRS is allocated on the last symbol of the sub-frame and where one SRS symbol is allocated every sub-frame.
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Figure 4: SRS resources associated to one sub-frame worth of SRI’s: SRS on first PUSCH symbol of the sub-frame.
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Figure 5: SRS resources associated to one sub-frame worth of SRI’s: SRS on last PUSCH symbol of the sub-frame.

In case one SRS symbol is allocated every n sub-frames, then possibly multiple SRI sub-frames can be associated to the reserved SRS resources. The number of SRI sub-frames that can be associated to the next SRS depends on the SRI latency requirement (possibly in the range of 2 to 3 sub-frames) and on the SRS symbol location. For example, Figure 6 and Figure 7 show how two SRI sub-frames can possibly have reserved SRS resources on the next SRS symbol when the SRS symbol is scheduled every three sub-frames, and is located on the first and last symbol of a sub-frame, respectively. In both cases, the SRI sub-frame #2 has no reserved SRS resources because the next SRS symbol is too far. As can be observed, in the former case, no SRS/SRI collision ever occurs in the same symbol, whereas in the latter case, an SRI collision will occur because the SRI sub-frames #1 and #4 have reserved SRS resources in the same sub-frame. In order to retain the single carrier property of the LTE UL, either SRI sub-frames #1 and #4 should not have any reserved SRS resource (as sub-frame # 2) or their last symbol should be punctured in favor of SRS transmission, which will have for effect to either reduce the number of multiplexed SRIs in these sub-frames or reduce their coverage or both. Therefore, in light of the SRS support to the scheduling request indicator, the SRS symbol should be located on the first symbol of a sub-frame.

The SRI is contention-free [3]: each UL synchronized UE is allocated a unique SRI resource within an SRI cycle (e.g. 10ms). The number of SRS resources reserved per SRI sub-frame is necessarily smaller than the SRI sub-frame capacity. Therefore, the SR-SRS’s are contention-based: one SR-SRS resource can be allocated to multiple UL synchronized UE’s having their SRI resource in the same sub-frame. The number NS of SRS’s reserved to an SRI sub-frame provides contention-based resource opportunities. The resulting collision probability per UE for an offered load, or average number of SRI attempts per sub-frame, G, is
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. Note though that SR-SRS’s collisions are immediately detected from the detection of their associated contention-free SRI’s.
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Figure 6: Mapping of multiple SRI sub-frames when the next SRS is on the first symbol of a sub-frame.
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Figure 7: Mapping of multiple SRI sub-frames when the next SRS is on the last symbol of a sub-frame.

3. UE behaviour

Whenever an SRI resource has been allocated to an UL synchronized UE, it does not need to change since its period is not dependent on varying conditions such as the radio channel. Moreover an SRI transmission is not linked to any scheduled allocation conveyed on the PDCCH. As a result, the SRI index allocation to a UE should be done through L3 signaling embedded in a MAC PDU on PDSCH [6]. Hence, in a similar way, the SR-SRS is persistently allocated to the UE in the same manner as is the SRI resource: through higher layer signaling.

The UE is allocated two SRSs: the dedicated periodic SRS, allocated in support of PUSCH frequency dependent scheduling, timing estimation, link adaptation and power control, and the contention-based SR-SRS, allocated in support of the scheduling request procedure. Both SRSs coexist and can have different periods. When SR-SRS and the dedicated SRS transmissions coincide in the same SC-OFDM symbol, the dedicated SRS pre-empts the SR-SRS (see Figure 8).
After it sent the SR-SRS, the UE receives no feedback on whether the SR-SRS collided with another UE’s SR-SRS and proceeds with the scheduling request message transmission on the PUSCH according to the received UL grant.
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Figure 8: Comprehensive UE behaviour for dedicated SRS and SR-SRS transmission

4. Benefits of the SR-SRS

The SR-SRS improves the procedure performance by allowing scheduling of SR message in a frequency selective manner and timing estimation.
Frequency selective scheduling gains
Figure 9 (left) plots the BLER curves of the SR message when frequency selectively scheduled or randomly scheduled. The simulation parameters are given in Annex. It shows that, assuming a 6RB SRS, the resulting BLER performance improvement of message 3 (1 RB size) at 10% BLER, compared to “blind scheduling” is of 2.5 dB gain at 3 km/h and 1.3dB / 0.8dB at 30 km/h with 3ms and 4ms SRS to SR message round trip times respectively. At 1% BLER, the gains become much larger. As a result, even if it may not be always available due to collisions, most of the time the SR-SRS contributes to the low latency and robustness of the SR procedure.

We can further look at the system gains on the procedure. For example, it can be observed that, for 3km/h UE’s, the BLER performance of the SR message at SNR = 4.2 dB is 1% and 10% with and without frequency dependent scheduling. The frequency-dependent scheduling gain can be translated in coverage gain (~250m/dB) but also in latency gains, since the reason why the SR was decided to be contention-free was to minimize its latency with respect to the unpredictable latency of the Random Access. If this gain was always available, under the optimistic assumption that the SR message is always successfully received after one retransmission, it would translate in latency savings corresponding to one re-transmission delay for all those UE’s that would need to re-transmit: only 1% instead of 10% of the UE’s would experience an additional latency in the procedure due to retransmission, thus providing 90% improvement on the average latency. Note the HARQ latency is given by the number of HARQ processes, which current working assumption is 8, so: 8 ms. For a UE, experiencing an additional latency of 8 ms is comparable to the latency resulting from retrying a random access attempt following a collision, which is precisely what we wanted to avoid when choosing a contention-free access for the SR. Note also that the PRACH preamble, due to its wideband (6 RBs) provides implicit means for frequency-selective scheduling the message 3 of the Random Access procedure. This is not the case with the narrowband SRI structure. Therefore, only the SR-SRS can secure the expected latency gains of the contention-free SR procedure with respect to the Random Access procedure. However, the SR-SRS is not always available due to collisions. Table 1 shows the collision probability on the SR-SRS as a function of the average time elapsed between successive scheduling requests per UE, when one and two SR-SRS’s are reserved per SRI sub-frame, and assuming a worst-case full load of 360 UE’s (36 UEs per SRI sub-frame). As can be seen, even for the extreme loads, the collision probability can be maintained low enough to have negligible impact on the above system performance improvements. This is further quantified by the % improvement on the SR message latency shown in Table 2, taking into account the SR-SRS collisions.
[image: image11.emf]Average SR period per UE (s)  0.3 0.5 1 1.5 2

Offered load per SRI sub-frame 0.12 0.072 0.036 0.024 0.018

SRI-SRS collision prob - 1 SRS 11.31% 6.95% 3.54% 2.37% 1.78%

SRI-SRS collision prob - 2 SRS's 5.82% 3.54% 1.78% 1.19% 0.90%


Table 1: SR-SRS collision probability as a function of average SR period per UE

[image: image12.emf]Average SR period per UE (s)  0.3 0.5 1 1.5 2

Latency improvement - 1 SRS 79.82% 83.75% 86.82% 87.87% 88.39%

Latency improvement - 2 SRS's 84.76% 86.82% 88.39% 88.93% 89.19%


Table 2: Latency performance improvements due to SR-SRS
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Figure 9: Left: BLER performance of post-preamble scheduled data
Right: TA error CDF out of SR-SRS estimation. UE timing error range=2µs.

Timing estimation
The SR-SRS can also be used to check and, if needed, fine-tune the UE’s timing for the next transmissions, which might be useful especially for DRX UE’s. The accuracy of the timing advance estimation from an 8-RB SRS was already shown in [7] and is replicated in Figure 9 (right). We implemented the most simple timing advance estimation algorithm, by using the delay value of the highest peak in the cyclic shift window of the wideband RS corresponding to the detected SRI. The SR-SRS Es/N0 is set to -12 dB. UE’s timing error is randomly selected within 2µs and a TU-6 channel with UE speed of 3 km/h is used. As it can be observed, the SR-SRS provides a TA adjustment within 0.5 µs accuracy with 96% probability.
5. Overhead

In this section, we analyze the overhead associated with the reserved resources for the SR-SRS. As mentioned in Section 2, the SRI capacity is 360 UEs per RB, which is in-line with the estimated number of UL synchronized UEs in 5 MHz [5]. Moreover, we showed in Section 3 that reserving only one SR-SRS resource per SRI subframe (36 UE’s) allows keeping the collision probability on the SR-SRS as low as 3.5% when each of the 360 UEs sends an SRI every second in average. It is a safe assumption, considering this high user density that an SRS symbol is allocated every sub-frame to maintain link adaptation and UL synchronization of all 360 UEs. As a result, we compute the overhead resulting from reserving one SR-SRS per SRS symbol in 5 MHz. A repetition factor (RPF) of two was agreed for frequency multiplexing overlapping SRS’s in frequency domain. In addition, for each frequency allocation, up to six SRS’s can be further multiplexed on different cyclic shifts. In the following we assume a very simple allocation scheme with only two possible bandwidths in 5MHz, as proposed in [8]: 20 RBs and 6 RBs. The SR-SRS uses reserved resources from the 6 RB SRS’s. It should be noted that this bandwidth configuration only has limited multiplexing capacity due to the lack of available “low” SRS bandwidths and results in a conservative overhead analysis. Table 3 gives a typical SRS allocation example and provides the associated SRS multiplexing capacity loss (or overhead) due to SR-SRS reservation. As can be observed, the SR-SRS overhead is 4.2%, which is affordable given the latency gains.
	Nb of 20-RB SRSs
	Nb of 6-RB SRSs
	Tot. nb of SRSs per symbol
	SR-SRS overhead

	1 x 6
	3 x 6
	24
	4.2%


Table 3: SR-SRS overhead for various configurations
6. Conclusion

In this contribution, we presented the principle of reserving low-overhead contention-based SRS resources in the next SRS symbol following an SRI sub-frame, to improve the performance of the SR procedure. We showed that the resulting performance improvement on the SR message latency is above 80%, thus securing the expected latency gains of the contention-free SR procedure with respect to the Random Access procedure.
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Annex:
Simulation Parameters for scheduled vs non-scheduled BLER

	
	

	Numerology
	6 RBs (1.4MHz) @ 2.0GHz

	MCS
	QPSK, Rate = ½ turbo code

	Number Of UEs
	6 in TU

	Number Of Used Resource Blocks
	One (12 sub – carriers)

	Demodulation Reference Signal
	localized within 180kHz [same as data in FDM]

	Sounding Reference Signal
	CDM across 6 RB BW

	UE Velocity
	3 km/h – 30 km/h

	Channel Model Power – Delay Profile
	TU 

	Number of Receive Antennas
	2 – Uncorrelated

	Demodulation Reference Signal Modulation
	ZC in frequency domain

	Sounding Reference Signal Modulation
	ZC in time domain [followed by DFT of ZC sequence]

	Scheduling Delay
	3-4 ms

	Timing uncertainty
	< 0.5µs

	Channel Estimation [demodulation]
	Slot average or separate: Coarse Doppler estimate

	
	Frequency interpolation: Least Squares Filter

	CQI Estimation [scheduling]
	Frequency interpolation: Least Square Filter [average power gain in each RB]
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