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1.  Introduction
The shared channel foundation of the LTE implies that sufficient scheduler gaps (i.e., DTX/DRX) shall be configured to support inter-frequency/RAT measurements. Alternative mechanisms for gap control have been presented in [1] and [2]. This contribution discusses further gap control alternatives in LTE, and proposes a highly efficient solution.
2.  Discussion
2.1  Motivation for MAC layer gap control
In UMTS compressed mode has been configured to allow for inter-frequency/RAT measurements in CELL_DCH, whereas FACH measurement occasions have been configured for such measurements in CELL_FACH. These measurement gaps obey predefined patterns, and are provided irrespective of the instantaneous channel condition. Hence, a measurement gap can be given while the radio channel condition is good, wasting the opportunity for efficient data transmission. If a UE performing inter-frequency/RAT measurements is located around a cell boundary (which is often likely the case), such gap configuration may significantly deter the data delivery performance. Consequently, gap control indifferent to the instantaneous channel condition can be critical to the cell edge performance.
To achieve the high performance targets for cell edge in LTE, such deterioration should be avoided. Therefore, instantaneous channel conditions should be considered in allocating measurement gaps. This suggests that gaps should be controlled by fast signalling in the MAC layer. Although this sounds as if the gap control entails additional signalling, there is a way to realise channel-aware gap control without increasing the signalling amount, as will be shown in 2.3.
Figure 1 depicts various flows for controlling measurement gaps in the MAC level. The diagram consists of five steps, i.e., the measurement step, reporting step, decision step, signalling step, and the DTX/DRX step in which the UE performs inter-frequency/RAT measurements. Ideally, various instantaneous conditions should be considered, e.g., the DL radio condition (e.g., CQI), data queued in the UL Tx buffer at UE, UL radio condition, and data queued in the DL Tx buffer at eNB. The former two can be measured at the UE whereas the latter two can be measured at the eNB (measurement step). (The UL metrics may be effective if tuning the DL carrier synthesiser incur a change in the UL frequency as well, hence entailing a simultaneous gap in the UL.) To incorporate all the conditions into gap control, either the UL or the DL reporting of the link/buffer status is necessary (reporting step). Then, the UE or the eNB can decide whether to create a gap (decision step), and signal one another to indicate the gap (signalling step). The eNB halts transmission to the UE, while the UE performs inter-frequency/RAT measurements (DTX/DRX step). Fundamentally, the choice of flow can be differentiated into the network oriented gap control (indicated in red) and UE oriented gap control (blue). Various control flows are discussed in the sequel, based on this map.
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Fig.1  Various choices of flow for gap control.
2.2  Analysis on previously proposed alternatives
2.2.1  Network oriented gap control
Figure 2 shows a flow diagram for network oriented gap control. The UE measures and reports the DL channel condition (as well as UL Tx buffer, if wanted) to the eNB. The eNB decides whether to create a gap, taking into account the report from the UE (and the UL channel condition and DL Tx buffer status, if wanted). The eNB signals the UE of the gap and applies DTX (i.e., does not schedule to the UE) while the UE performs inter-frequency/RAT measurements. (Qualcomm’s proposal on gap control [1] can be seen as a variant of this model. In [1] the UE requests a gap explicitly by reporting a specific CQI, and the eNB makes the decision to allocate a gap, indicating the gap length by downlink signalling.)
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Fig.2  Network oriented gap control.

This approach is beneficial in a way that the DL Tx buffer status can be considered in controlling gaps. The QoS of the data queued in the buffer can be exploited in deciding the gap timings, in addition to the reported status. However, the UL reporting is required even if the request is just to create a gap. Moreover, an explicit signalling is required on the DL to signal the UE of the gap. The reporting and signalling imply some delay from the time of measurement to the actual DTX/DRX, which may lead to mistaking the means for the end.
2.2.2  Autonomous gap control

Figure 3 shows the principle of autonomous gap control proposed in [2]. The UE measures and reports the CQI to the serving eNB at relatively short intervals to perform link adaptation and scheduling as in HSDPA. The CQI is used to control the gaps autonomously. The measurement mode is triggered when the mean CQI drops below a certain threshold (system parameter), during which gaps are made autonomously by comparing the instantaneous CQI with the mean CQI. If the instantaneous CQI is below the mean CQI, the next CQI measurement interval can be used to perform inter-frequency/RAT measurements. The serving eNB can perform similar autonomous control to determine the gaps, using the reported CQIs. During each gap the eNB refrains from transmitting data to that UE. This scheme requires that CQIs are reported sufficiently for aligning the gaps at the eNB and UE.
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Fig.3  Autonomous gap control proposed in [2].
Figure 4 shows a flow diagram for the autonomous gap control. The autonomous gap control does not introduce additional signalling to indicate gaps, as both the UE and eNB decide when the gaps are autonomously. However, errors in CQI reporting (mistaking CQIs at reception) will cause dispersions between the UE and eNB, causing the eNB to transmit occasionally when the UE is not listening to. Moreover, both the UE and eNB have to perform the decision step in this solution.
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Fig.4  Flow diagram of autonomous gap control proposed in [2].
2.3  UE oriented gap control (new proposal)
To mitigate the problems faced in the alternatives discussed in 2.2, we propose to control the measurement gaps using the flow shown in Fig. 5. The basic idea that the UE decides to create measurement gaps using the CQI is similar to the autonomous gap control described in 2.2.2. The difference is that the UE does not report the CQI if the UE decides to create a gap. (Note that the UE reports the CQI regularly if a gap is not to be created.) This implicitly indicates to the eNB that the UE is in a measurement gap, hence resolving the problem of gap dispersion between the eNB and UE. This also eliminates the need for the eNB to run the decision step. Since the UE is less likely to be scheduled for transmission when the CQI is relatively small (considering a PF scheduler or any other that exploits CQI), quitting CQI reporting as above will not degrade the data delivery performance. Note that in addition, the PF scheduler (or any derivative) is not affected if the PF rule is defined as
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where ri(t) is the current supportable data rate, and Ri(t) is the perceived throughput up to the moment, for user i, since Ri(t) is not affected by the CQI if the UE is not scheduled. Moreover, even if the UE was still to be scheduled on the gap occasion, the loss in performance is likely to be trivial due to the AMC (i.e., low MCS level would be used because of the low CQI). By withdrawing CQI reporting when a gap is to be created, the total amount of CQI reporting is also reduced, hence relieving battery consumption and signalling overhead.
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Fig.5  Flow diagram of the proposed UE initiated gap control.
Figure 6 describes the proposed mechanism in detail. The UE compares the instantaneous CQI sample with the average CQI (a fixed threshold can be used instead). If the CQI sample is below the average, the UE does not report the CQI and synchronises to an inter-frequency/RAT cell to perform necessary measurements for a certain interval (i.e., gap length), otherwise, the UE reports the CQI and continues listening to the serving cell. Since inter-frequency/RAT measurements require

· synchronisation acquisition to the inter-frequency/RAT cell,

· measurements on the inter-frequency/RAT cell, and
· re-synchronisation to the serving cell,

a sufficient gap length is necessary (typically at least 5 ms). Hence, the gap length should be configurable separate from the CQI measurement interval. The gap length can be a predefined value or a parameter that is specified through RRC. The UE can resume listening to the serving cell after the gap length expires. Qualcomm suggests in [1] that if necessary measurements are finished before the gap expiry, the UE can resume by sending a new CQI report. Feasibility of such early resuming needs to be studied as this requires that the eNB continually awaits possible CQI reports during gaps. To avoid too many gaps being created continually, the maximum number of successive gaps can also be specified by the RRC at connection setup, for example.
Inter-frequency/RAT measurements should be performed only when necessary, to avoid performance degradation in data delivery. If the policy is to maintain a UE in the current frequency/RAT (i.e., the current LTE system) as much as possible, one way to limit measurements is to use the average CQI. That is, the measurement mode can be triggered when the mean CQI drops below a certain threshold (entering threshold), during which gaps are made by comparing the instantaneous CQI with the mean CQI. The measurement mode is exited when the mean CQI recovers above the leaving threshold. This mode transition can be controlled by the UE autonomously, without any signalling involved at the time of transition. (Note that we have not precluded a solution to use RRC signalling upon mode transition.) The entering and leaving thresholds can be parameters of the RRC (e.g., broadcast information, or parameters given at connection setup). If the policy is otherwise, e.g., the UE should be handed over to another RAT to balance loading, the network can trigger the measurement mode through RRC signalling. Note that how the measurement mode can be triggered and exited is a separate issue from the instantaneous gap control, and is also relevant for the schemes described in 2.2.1 and 2.2.2.
If the CQI is measured per physical resource block (PRB), either the maximum CQI or the mean CQI among the PRBs, for example, can be used to run the gap control. Moreover, the UL Tx buffer status, as well as the DL Rx buffer status, can be considered in addition to the CQI in controlling the gaps.
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Fig.6  Proposed UE initiated gap control mechanism.

3.  Conclusions

Different alternatives to control inter-frequency/RAT measurement gaps have been discussed in this paper. Although we believe that the UE initiated scheme proposed in 2.3 is viable, RAN1 and RAN2 have to study further to figure out the best solution. As such, as a current status, we propose to include the following conclusions into the relevant sections of the RAN1 and RAN2 TRs.
·  Inter-frequency/RAT measurement gaps should be created by the MAC layer, while the parameters for gap control should be configured by the RRC.
·  The serving eNB should be able to avoid transmission to a UE that is not listening to performing inter-frequency/RAT measurements.

·  Channel-aware solutions should be studied for inter-frequency/RAT measurement gap control, to minimise degradation in data delivery performance.

----- (Text proposal for RAN1 TR25.814) ----------
7.1.3.1.2.2 Inter frequency neighbour measurements
Neighbour cell measurements are considered inter-frequency measurements when the UE needs to re-tune its receiver in order to carry out the measurements. This corresponds to the cases when

· the neighbour cell is operating on a different carrier frequency than the current cell, or

· the neighbour cell is operating on the same carrier frequency as the current cell, but the UE maximum bandwidth capability is smaller than the network system bandwidth and the UE is currently “camping” within a band so that the common channels of the target cell are outside the UE receiving bandwidth. Note that depending on the exact structure for the common channels needed for neighbour measurements, this scenario may not happen.

In case of inter-frequency measurements, the UE needs to be provided with sufficient UL/DL idle periods to perform the necessary measurements.
7.1.3.1.2.3 Inter RAT measurements
Neighbour measurements are considered inter-RAT measurements when UE needs to measure other radio access technology cells. For these kinds of measurements, the UE needs to be provided with sufficient UL/DL idle periods.
7.1.3.1.2.4 Measurement gap control
In case the UE needs UL/DL idle periods for making neighbour measurements or inter-RAT measurements, the UE shall be provided with sufficient idle periods (gaps) to perform the necessary measurements. Since shared channels are used in LTE, compressed mode is assumed unnecessary. The gaps shall be controlled by the MAC layer, while the parameters for gap control shall be configured by the RRC. The scheduler should be able to avoid transmission to a UE that is not listening to performing measurements. Channel-aware gap control should be considered, such that degradation in data delivery performance is minimised. That is, data can be transmitted while the channel condition is good, by avoiding gaps at such timings. Various control schemes can be considered, with the following being examples:
1. UE assisted network control

2. autonomous gap control by the UE and network
3. UE initiated gap control
In order to optimise the network, some additional measurements may be used for controlling the gaps. This is FFS.
----- (Text proposal for RAN2 TR25.813) ----------

9.1.6.2
Inter-frequency

Regarding inter-frequency handovers, UE performs neighbour cell measurements during DL/UL idle periods that are provided by the packet scheduler, or by DRX/DTX in dormant states. Measurement gaps shall be controlled by the MAC layer, while the parameters for gap control shall be configured by the RRC. The scheduler should be able to avoid transmission to a UE that is not listening to performing inter-frequency measurements.
NOTE:
How the gaps are controlled, as well as how the scheduler knows the gaps required by the UE, is FFS. Channel-aware schemes should be studied such that degradation in data delivery performance is minimised.
9.2.3.1
Inter-RAT handovers from E-UTRAN

Measurements to be performed by a UE for inter-RAT mobility can be controlled by E-UTRAN, using broadcast or dedicated control. In LTE_ACTIVE state, a UE shall follow the measurement parameters specified by RRC or MAC commands (FFS) directed from the E-UTRAN (e.g. as in UTRAN MEASUREMENT_CONTROL).

UE performs inter-RAT neighbour cell measurements during DL/UL idle periods that are provided by the packet scheduler, or by DRX/DTX in dormant states. Measurement gaps shall be controlled by the MAC layer, while the parameters for gap control shall be configured by the RRC. The scheduler should be able to avoid transmission to a UE that is not listening to performing inter-RAT measurements.
NOTE:
How the gaps are controlled, as well as how the scheduler knows the gaps required by the UE, is FFS. Channel-aware schemes should be studied such that degradation in data delivery performance is minimised.
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