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At the RAN4#78AH meeting the group agreed on the UE behavior with respect to UL uplink transmit timing requirements as captured in the CR [1]. For the UE behavior, it was decided:1. Onset of a new UL repetition period shall be considered to be an initial transmission.
2. UE autonomous UL timing updates are not allowed during UL repetition periods, except at the end of UL transmission gaps provided for the purpose of frequency correction.



Moreover for the requirements part, i.e., the tolerances in the UE UL timing accuracy requirements, it was decided that a relaxation compared to legacy requirements will be introduced as to reflect the narrower bandwidth of the NB-IoT cell.
In this contribution we elaborate on the agreements made at RAN4#78AH.
Background
NB-IoT downlink
The NB-IoT downlink has been specified to be the equivalent of the LTE downlink but over a smaller bandwidth. Particularly, the NB-IoT downlink bandwidth corresponds to 1 PRB (180kHz) and the system bandwidth to 200 kHz, to compare with the minimum LTE bandwidth of 6 PRBs (1080kHz) and system bandwidth 1.4 MHz.
One consequence of adopting the LTE downlink is that when a normal cyclic prefix is used the minimum sampling rate at which an inter-symbol distance can be represented by a whole number of samples is 1.92MS/s, whereby the normal cyclic prefix is 10 samples (5.2µs) in the first OFDM symbol in a slot, and 9 samples (4.7µs) in the remaining ones. At this sampling rate the sample period is 0.52µs. For NB-IoT, having a lower bandwidth, it would be attractive to use a sample rate of say 240kS/s whereby a 16pt instead of a 128pt FFT can be used in the UE receiver. As 240kS/s is a factor 8 lower than 1.92MS/s, it would mean that the sample period would be 4.2µs, and the normal cyclic prefix would be 1.25 and 1.125 samples in length for first and remaining OFDM symbols in a slot, respectively; see Figure 1.


[bookmark: _Ref447019294]Figure 1: Cyclic prefix sizes at sampling rate 240kS/s.

In case of equidistant sampling, e.g. to allow synchronization towards the serving cell while carrying out intra-frequency neighbour cell search and measurements, the lower sampling rate in combination with normal cyclic prefix results in that there will be a gradual phase shift of subsequent OFDM symbols in a slot due to the fractional sample length of the cyclic prefix; see Table 1. Since this phase change is systematic it can be compensated for in the channel estimation. In order to avoid inter-symbol interference it is essential that the start of a subframe is well aligned with the start of a sample period, something that can be achieved e.g. by adjusting the sampling phase of the ADC. Hence, using a sampling frequency of 240kS/s is feasible from downlink demodulation point of view.
[bookmark: _Ref447019900]Table 1: Exemplary start positions for sampling OFDM symbols at 240kS/s, and resulting offsets to actual start of OFDM symbol.
	
	Normal cyclic prefix
	Extended cyclic prefix

	Symbol
	Symbol start [sample]
	Offset
[samples]
	Symbol start
[sample]
	Offset
[samples]

	slot 0
	0
	1
	-0.25
	2
	-2

	
	1
	18
	-0.375
	22
	-2

	
	2
	35
	-0.5
	42
	-2

	
	3
	52
	-0.625
	62
	-2

	
	4
	69
	-0.75
	82
	-2

	
	5
	86
	-0.875
	102
	-2

	
	6
	103
	-1
	
	

	slot 1
	0
	121
	-0.25
	122
	-2

	
	1
	138
	-0.375
	142
	-2

	
	2
	155
	-0.5
	162
	-2

	
	3
	172
	-0.625
	182
	-2

	
	4
	189
	-0.75
	202
	-2

	
	5
	206
	-0.875
	222
	-2

	
	6
	223
	-1
	
	



Legacy time tracking algorithms are generally based on finding the sample position that maximizes the correlation to a prior known signal, e.g. SSS or CRS. As a consequence, when using 1.92MS/s, it is possible in terms of resolution to come as close as to within ±0.26µs (half a sample period) from the actual timing. When the received downlink path changes the detected downlink timing will be changed in a granularity of 0.52µs (whole samples).
If applying the legacy time tracking algorithm on NB-IoT with 240kS/s, the consequence would be that the UE can come as close as to within ±2.1µs from the actual timing, and the granularity of the detected change in downlink timing would be 4.2µs.
NB-IoT uplink
The NB-IoT uplink has been specified in two configurations with respect to subcarrier spacing: 15 kHz and 3.75 kHz, respectively. The first configuration, 15 kHz subcarrier spacing, reuses the same OFDM/SC-FDMA symbol boundaries as in LTE, meaning that the normal cyclic prefix is 5.2µs and 4.7µs for first and following symbols in a slot, respectively.
The second configuration, 3.75 kHz subcarrier spacing, is defined over a 2ms NB-slot which carries 7 symbols. The duration of a normal cyclic prefix is 8.33µs and a symbol is 275µs.


Figure 2: Uplink slot structure for 3.75 kHz subcarrier option with normal cyclic prefix. 

Uplink timing requirements in LTE
Existing uplink transmit timing requirements in [6] cover two aspects:
· UE autonomous timing changes due to changed downlink timing (clause 7.1)
· UE application of timing advance commands transmitted by the eNodeB (clause 7.3)
Regarding the UE autonomous change of uplink transmit timing, a distinction is made between an initial transmission, comprising the first transmission in DRX On time as well as PRACH transmission, and subsequent transmissions, comprising the remaining scenarios. 
For an initial transmission, the uplink transmit timing shall be within ±Te seconds from the ideal uplink timing, which for an LTE cell with smallest bandwidth corresponds to ±0.8µs. For subsequent transmissions, in case the UE detects a change in downlink timing, it shall modify the uplink transmit timing under the following side conditions:
· maximum timing adjustment in one correction shall not exceed 17.5Ts (0.6 µs),
· minimum aggregated adjustment rate shall be 7Ts (0.2µs) per second, and 
· maximum aggregated adjustment rate shall be 17.5Ts (0.6 µs) per 200ms.
Hence a change in downlink timing by one sample requires about 200ms to accommodate.
Coverage enhancement
In order to facilitate enhanced coverage, i.e., operation in coverage that is worse than assumed in legacy LTE, repetitions on downlink and uplink have been specified by RAN1. A message is repeated a number of times, thus allowing the UE or the eNodeB to accumulate the received signal until the message can be decoded. The repetition periods may extend to hundreds or even thousands subframes. By accumulating the message before decoding it or decoding each received message and using soft combining, the message can be retrieved although buried in noise.
Half-duplex operation
NB-IoT UEs have been specified to operate in half-duplex mode only, meaning that during the time there is downlink reception there is no uplink transmission, and vice versa. This means that while transmitting, the UE does not get any information on changes in downlink timing or receives timing advance commands.
Considerations on uplink transmit timing requirements
The following aspects need to be taken into account regarding the uplink transmit timing in a NB-IoT device:
· Transmit timing tolerance at initial transmissions
· Rate of UE-autonomous change of uplink transmit timing in subsequent transmissions
· Handling of coverage enhancement
Initial transmit timing tolerance
The two uplink subcarrier configurations (15 and 3.75 kHz) have different sensitivity with respect to transmit timing errors since for the 15 kHz option the normal cyclic prefix is 5.2 or 4.7µs whereas for the 3.75 kHz option it is larger, 8.33µs. Hence a larger offset from the ideal transmit timing can be accepted for the 3.75 kHz without leading to inter-symbol interference and associated leakage to adjacent subcarriers i.e. inter-carrier interference.
For the 15kHz option and particularly in in-band and guard band deployment scenarios it is likely that the whole uplink spectrum will be processed by a single FFT by which leakage caused by timing errors on the uplink not only will affect the performance of the NB-IoT cell but may also degrade the performance of the LTE cell. From the base station perspective it is thus desirable to have strict requirements on the UL uplink timing accuracy, which is reflected in [2] and [4]. However, as pointed out in [3], the lowered sampling rate leads to lowered time resolution and a relaxation that would secure that the UE is transmitting at a timing corresponding to at maximum a half CP off the ideal UL transmit timing was proposed. This corresponds to a relaxation of 3.33 times compared to the 1.4MHz legacy case. 
One problem that was identified during the discussions is that the base station may handle several NB-IoT carriers, onto which different UEs may transmit. Allowing a tolerance of ±0.5 CP would then result in that there would be no buffer at all for inter-symbol interference in signals received from cat NB1 UEs. This is illustrated in Figure 3. At one extreme, represented by cat NB1 UE #1, the FFT window would start at the net OFDM symbol by which inter-symbol interference may result at the end of the FFT window (depending on the PDP), whereas at the other extreme, represented by cat NB1 UE #2, the FFT window would start at the beginning of the cyclic prefix by which inter-symbol interference may result at the beginning of the FFT window. 



[bookmark: _Ref450735447][bookmark: _Ref450735435]Figure 3: Sketch of timings of signals received from different UEs in the in-band scenario. Allowing a tolerance of ±0.5 CP for cat NB1 UEs would lead to inter-symbol interference as well as some inter-carrier interference. 

In the discussions it was decided that although a relaxation is to be made, care has to be taken to the delay spread of foreseen typical propagation channels encountered in NB-IoT. Since the maximum delay spread to handle has not been agreed yet, it was decided that the tolerance accuracy requirement for now is to be expressed as:
Table 7.20.2-1: Te Timing Error Limit
Downlink Bandwidth (MHz)
Te
0.18
[80*TS -K*TS]
Note:   TS is the basic timing unit defined in TS 36.211

Editor’s note: K is TBD and determines the maximum supported delay spread K*TS of a multi-path channel in order to avoid inter-symbol interference.


where the value of K is to be determined after alignment between companies.
For the 3.75kHz option the initial transmit timing tolerance potentially can be somewhat relaxed since the cyclic prefix is larger, and since it is less likely that this option would be used in an in-band or guard-band deployment scenario where the eNodeB uses a single FFT for the whole uplink bandwidth. If used in an in-band or guard-band deployment it is more likely that the NB-IoT bandwidth will be suppressed via filtering before processing the LTE uplink. However, the view from other infrastructure vendors is needed before RAN4 can decide on the necessary tolerance.
The required initial uplink transmit timing accuracy may be challenging to meet when using a sampling rate of 240kS/s on the downlink and using legacy time tracking algorithms, since the resolution of the detected downlink path may be too coarse. Particularly, the sample period is 4.2µs at 240kS/s. Hence other than legacy time tracking algorithms can be used, that would allow tracking of the downlink timing in fractions of a sample, e.g., in 1/8th of a sample, thus facilitating reduced sample rate 240kS/s on the downlink while maintaining a granularity in the downlink timing tracking corresponding to 1.92MS/s.
Rate of UE-autonomous change of uplink transmit timing in subsequent transmissions
The rate at which the UE is allowed to change the uplink transmit timing autonomously has been determined with the possibility for the eNodeB to compensate changes with timing advance should there not be reciprocity between the uplink and downlink propagation paths, e.g., that the downlink propagation time increases while the uplink propagation time remains constant. There are however three problems associated with the LTE legacy behavior if applied to NB-IoT. 
· Firstly, NB-IoT operates in half-duplex mode and if configured with repetitions in order to facilitate coverage enhancement, the UE cannot receive during the uplink transmission repetition period. Thus the eNodeB anyway cannot send timing advance commands to the UE; 
· Secondly, the mere fact that repetitions have to be used implies that the eNodeB may have to receive multiple repetitions of the message and the reference signals before it can assess the timing correction to command to the UE;
· Thirdly, changing the timing gradually during the repetition period, according to the legacy rules, will degrade the accumulated message since gradual timing changes will introduce gradually changing linear phase on the receiver side, by which different instances of the message may grate each other.
Moreover, if adopting the LTE legacy UE behavior, and if the UE operates at 240kS/s on the downlink using the LTE legacy time tracking algorithms (whole sample positions only), a change in downlink timing will be in steps of 4.2µs which would, again according to LTE legacy rules, take 1.5s to accommodate. This again stresses the need for time tracking algorithms that can maintain a timing resolution corresponding to 1.92MS/s regardless of the actual downlink sample rate in use, whereby very abrupt uplink transmit timing changes can be avoided. 
For the reasons provided above it seems not feasible to allow UE autonomous timing corrections during repetition periods. Hence the agreed UE behavior is to consider each onset of a transmission in a repetition period, and after UL transmission gaps in such repetition period, as an initial transmission. Moreover it was agreed that no UE autonomous timing changes are allowed during consecutive transmissions in a repetition period.
For the case when no uplink repetitions have been configured, or repetitions have been configured but the repetition number is 1 (e.g. dynamically configured for NB-PUSCH via DCI), it was agreed to adopt the LTE legacy behavior with respect to the rate at which the UE changes the uplink transmit timing, but with a modification of the maximum change as well as the maximum rate of change by scaling those with the factor 3.33. In this case, there may be a tighter interaction between the UE and the eNodeB and additionally the latter does not need to accumulate received messages in order to be able to decode it successfully. Moreover channel estimation and the alike can be carried out on individual subframes or NB slots, whereby the eNodeB can adapt to minor changes in the uplink transmit timing. 
For accuracy of timing updates due to application of TA commands, it was agreed to apply the same scaling factor as above, 3.33, on the LTE legacy requirements.
Summary and Conclusions
In this contribution we have provided the background to the agreements made at RAN4-78AH on UL transmit timing requirements, and which are captured in [2].
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