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1.
Introduction
As the Release-13 Work Item on further LTE physical layer enhancements for MTC (eMTC) [1] makes progress with the core specification, some feedback from RAN4 has been requested by RAN1 [2], [3].  A paper listing Intel’s observations on retuning time was presented at the RAN4 #74bis meeting [4] and generated useful discussion among the stakeholders of the ecosystem.  This contribution seeks to justify the proposal that a fast retuning time for an eMTC UE is feasible and has potential benefit to the network.
2.
Discussion

2.1
Background
The RAN1 LS in [2] shares the following background information:
RAN1 has made the following agreement on the support of narrow bandwidth for MTC:
· Support narrow bandwidth operations of 6 RBs in both RF and baseband with possible retuning to another narrowband region (within the cell system bandwidth) for communications.
· There were two companies in RAN1 considering an implementation composed of wideband RF and narrowband baseband
RAN1 would like to ask RAN4 to provide information on the retuning time to be allowed for retuning between narrowband regions within the cell system bandwidth.

In line with the discussion in [4], we have assumed that the retuning operation is restricted to subframe boundaries.

Discussions during the RAN4 #74bis meeting [5] showed interest among some operators to understand and evaluate the potential benefits to the network associated with a fast retuning physical layer design.

2.2
Theoretical fundamentals
Retuning to a subcarrier within a legacy LTE system bandwidth of 20MHz or less is not equivalent to the HD-FDD case currently part of the Rel-12 MTC implementation, since the frequency difference is much smaller and the PLL will not need to tune to a completely different frequency band. Retuning time should be selected based on different feasibility criteria than for HD-FDD.

A VCO oscillates at an angular frequency, ωout. The frequency is set to a nominal ω0 when the control voltage is V0. Which ω0 corresponds with V0 is usually determined by the course band tuning of the PLL before starting the analog tuning. Frequency is assumed to be linearly proportional to the control voltage with a gain coefficient KVCO (rad/s/v).
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Thus, to obtain an arbitrary output frequency, a finite Vcont is required. As illustrated in Figure 1, if output angular frequency ω1 is needed, Vcont is required to be V1. When the VCO needs to retune to another angular frequency ω2, the tuning voltage needs to make a step from V1 to V2 to achieve Δω= | ω1 – ω2 |.  
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Figure 1: VCO retuning illustration
Retuning time is the time a UE needs to switch from one MTC narrow bandwidth to another, as a narrow bandwidth is 6 PRBs anywhere within the cell system bandwidth. Present discussion is focusing on how much retuning time is needed, when a UE is switching from one 6 PRB region to another within the 20MHz or less channel bandwidth.

In general, the LC VCOs in cellular devices use a combination of coarse and fine tuning to minimize noise on the control line and enhance immunity to substrate noise coupling. With the implementation of narrow bandwidth MTC, the phase lock loop is always under locked status doing fine tuning. Therefore, the retuning time is much faster than legacy LTE devices, since the course tuning doesn’t need to be repeated. The tuning time for a step inside the channel bandwidth when the PLL is locked is determined by its loop bandwidth. A typical bandwidth for a cellular PLL is in the order of 200 kHz. This results in a time constant of 5µs. However, to get an accurate settling the PLL needs to have multiple time constants, so that the error is back within the 0.1ppm. Therefore in total the settling time can be in the order of 20µs when four time constants are needed to be within 0.1ppm. In most cases PLLs even have some accelerating circuits that result in a faster settling, for example by changing the loop bandwidth to higher values during settling and changing it back after settling. In that case the tuning time will be even shorter. 
Across industrial and academic leading technologies, tuning/setting time could be on the order of 10 to 20µs, for GSM/EDGE applications [6], [7], [8] and [9]. Most of these papers are already 10 years old, so similar or even faster switching times can also be expected for LTE applications today.
It is worth noting that this retuning requirement is different from HD FDD UE, where a single PLL needs to retune between TX and RX frequencies. In such a case, PLL is not fine-tuning only but first doing the coarse band switching and then tuning from unlocked to locked status, which needs much longer time to settle.

Observation 1: With prevailing deep submicron CMOS technology, it is shown this narrow bandwidth retuning time can be in the order of 10-20 µs.

2.3
Measurement results

To motivate the discussion surrounding the retuning time for eMTC UEs, measurements were performed on a PLL that is in production in a LTE transceiver.
Figure 2 below illustrates the stabilization of VCO’s frequency following a sudden detuning of the VCO by setting the course tuning to another frequency. This is the same as doing a retuning operation, the only difference is that the final frequency is the same as before, so that it is easier to see the frequency error.  Each curve represents the stabilization behaviour of a certain frequency jump. There are five examples with varying steps sizes between 800 kHz and 1.6 MHz shown. Please consider that the starting point of the measurement is varying by about 5µs, which has to be taken into account when looking at the settling time. The settling time is in all cases about 15µs, so it is not significantly dependant on the size of the step. This is because the settling time is mainly determined by the time constant of the loop, and this is independent of the step size. A step size of 18MHz will still be below 20µs settling time. 
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Figure 2: Frequency stabilization after retuning
Figure 3 below illustrates the stabilization of phase after retuning.
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Figure 3: Phase stabilization after retuning
We note that the phase error of the output drops below 5 degrees after 4 µs for all tested retuning steps independent of the size of the step.
Observation 2: Taking the frequency and phase stabilization metrics together, the maximum retuning time measured is ~15 µs and is expected to stay below 20µs for an 18MHz step.
2.4
Potential benefits to the network and the device
Potential benefits associated with shorter retuning times include avoidance of inefficiencies and complications in user scheduling at the system level for Rel-13 Low Complexity (LC) UEs in normal and enhanced coverage. An effective value of 1ms retuning time has been proposed by some companies. However, such a long retuning time introduces significant inefficiencies in the design of physical channels, especially considering the benefits of frequency hopping and frequency selective scheduling in different scenarios, and significant complications to the eNodeB scheduler.
Support of frequency hopping beyond a set of 6 contiguous PRBs, which is necessary to harvest meaningful frequency diversity gains, becomes cumbersome if a long retuning time, e.g., 0.5 – 1 ms, is needed. Note that application of frequency hopping has been identified as an effective coverage enhancement technique to reduce the number of required repetitions. With a long retuning time, up to 1 ms may need to be factored in at the boundary of frequency hopping for both DL and UL channels. Consequently, it may not be very practical to apply frequency hopping and realize the benefits when the number of repetitions for a particular transmission/reception is relatively small. Certainly, from a resource utilization perspective, it would be beneficial to minimize the number of repetitions needed to satisfy any coverage enhancement target, no matter big or small.
Similarly, UEs requiring normal or small coverage enhancements can benefit from frequency-selective scheduling wherein the MTC narrow-band is dynamically indicated by the DCI. However, if a long retuning time needs to be accommodated, this mandates the introduction of factoring in the additional time between the scheduling subframe with the Physical Downlink Control Channel for MTC (M-PDCCH), and the scheduled subframe with the PDSCH. For instance, this can be seen reflected in the current RAN1 agreements on cross-subframe scheduling for PDSCH [10]:

· From RAN1#80 agreement: for Rel-13 MTC UEs in enhanced coverage, if subframe n is the last physical downlink control channel for MTC repetition then PDSCH start n + k (k > 0)

· Value of k is:

· Option 1: k is fixed

· Option 1-A: k=1 or 2, where PDSCH is allowed to use a different narrowband from the associated EPDCCH

· RAN1 will select a single value of k after receiving RAN4 input on retuning time

· Option 1-B: k=1, where PDSCH always use the same narrowband location as the associated EPDCCH

· FFS for the subframe n+k not allowed for PDSCH (e.g. PMCH, TDD, HD-FDD)

· Option 2: k is variable

· When not operating coverage enhancement, Option 1 is used when cross-subframe scheduling is used.

As can be seen from the above set of RAN1 agreements, an additional 1 ms time-gap is being considered in RAN1 if dynamic frequency-selective scheduling is supported. Further, for the support of dynamic frequency selective scheduling, it would also be necessary to accommodate for a 1 ms time-gap at the end of the PDSCH reception if the scheduled PDSCH narrow-band is different from the narrow-band on which the UE is expected to monitor for DL control channel as part of the M-PDCCH PRB-set configuration (can be expected to be similar to EPDCCH PRB-set configuration). Clearly, such addition of 1 ms time-gaps before/after the PDSCH reception clearly leads to introduction of additional latency for the UE and at the same time, new considerations for scheduler optimizations at the network side.

For the assumption of a subframe-level retuning time, 1 ms time-gaps need to be introduced whenever the UE may need to retune to other narrow-bands (e.g., the central 6 PRBs) to (re-)acquire synchronization signals (PSS/SSS) and PBCH of the serving cell or for neighbour cell measurements, or for common control message-related procedures like receiving MTC SIB updates or monitoring for paging transmissions on paging occasions. Similar introduction of additional time-gaps would be needed to support subband-based CSI measurements (i.e., CSI measurements and reporting may require the UE to retune to MTC narrow-bands within the system BW that are different from the narrow-band on which it is expected to monitor for DL control channel). Such subband-based CSI feedback can be expected as necessary to enable effective frequency-selective scheduling. 
An efficient design of MTC PUCCH becomes challenging if a long retuning time like 0.5 – 1 ms retuning time is assumed. As detailed in [11], wherein different MTC PUCCH design options are analysed, achieving an efficient MTC PUCCH design in terms of MTC PUCCH link performance in normal and enhanced coverage, network resource utilization, and specification efforts becomes very challenging if a long retuning time is assumed. On the contrary, a 1 symbol retuning time for switching from one UL narrow-band to another can enable a more efficient MTC PUCCH structure via puncturing of one symbol within a slot (similar to shortened PUCCH). Such a design ([11]) achieves a design very similar to legacy PUCCH with support of slot-level frequency hopping across the entire system BW.  
Observation 3: Compared to the assumption of a 0.5 – 1 ms retuning time, the allowance of a short retuning time of 1 symbol offers a multitude of benefits at link and system levels to both device and network operation in terms of latency, resource utilization efficiency, scheduler complexity, and specification impact. 
3
Conclusions

This paper has presented a literature overview of fast tuning PLLs, illustrated current capabilities of fast retuning with measurements, and outlines the potential network benefits associated with an eMTC PHY design based on the fast retuning proposal contained herein.
The following observations have been made:

Observation 1: With prevailing deep submicron CMOS technology, it is shown this narrow bandwidth retuning time can be in the order of 10-20 µs.
Observation 2: Taking the frequency and phase stabilization metrics together, the maximum retuning time measured is ~15 µs and is expected to stay below 20µs for an 18MHz step.

Observation 3: Compared to the assumption of a 0.5 – 1 ms retuning time, the allowance of a short retuning time of 1 symbol offers a multitude of benefits at link and system levels to both device and network operation in terms of latency, resource utilization efficiency, scheduler complexity, and specification impact. 

Proposal: Based on these observations, it is our recommendation to inform RAN1 that a retuning time of 1 symbol (76 µs) is feasible.
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