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1. Introduction

At the last RAN1 #72bis meeting in Chicago, USA it was concluded to focus on multi-subframe and cross-subframe scheduling as a means to reduce the control signaling overhead in LTE Release 12. In this paper we present our view on both these techniques.
2. Discussion

With the exception of semi-persistent scheduling (SPS) and UL grants in TDD UL/DL configuration 0, LTE follows a per-TTI scheduling paradigm, i.e., downlink control information received in subframe n schedules one PUSCH or PDSCH transmission in a predefined subframe n+k. For example, in FDD k=0 for DL and k=4 for UL grants. Both multi-subframe and cross-subframe scheduling represent a deviation from this fundamental principle in LTE. It is also worth pointing out that similar techniques have been discussed in Rel. 11 to address capacity limitations on the legacy control channel [1] with the conclusion that no such enhancements are needed. 
Release 12 control channel enhancements are motivated by the observation that the speed of UEs connected to a small cell can generally be considered low and that the observed delay spread of the channel is also lower, e.g., as a consequence of the significantly lower transmit power of the small cell eNodeB. The resulting channel thus features a lower selectivity both in time and frequency, and, consequently, a larger coherence bandwidth and time. This allows for potential reductions in the control channel overhead. For instance, it is likely that the eNB scheduler may transmit the same downlink control information to the same UE in two subsequent subframes because the resource allocation and adaptive modulation and coding has not changed. In that case, the second transmission of control information is redundant and control overhead could be reduced by as much as 50%.
Such considerations, however, do not take into account the non-stationary nature of the intercell interference. Due to the universal frequency reuse, the temporal scheduling, and the spatial precoding in the downlink of LTE, UEs observe the so-called flashlight effect. This is especially the case in scenarios where the co-channel interference is bursty, e.g., due to lightly loaded cells. In some subframes, a dominant interferer, viz., a small cell eNodeB with only a few RRC connected users, will only transmit CRS whereas in other subframes PDSCH transmissions might interfere with significantly larger interference power due to the beamforming gain (flashlight effect). It remains to be seen if the lower selectivity of the fast fading really translates into more stable channel conditions when looking at both the variations induced by fast fading and non-stationary intercell interference.
The aforementioned considerations mainly pertain to throughput gains obtained through minimizing the number of (E)PDCCH transmissions required to schedule multiple PDSCH or PUSCH transmissions by allowing a single DCI to schedule multiple TTIs (multi-subframe scheduling). Control channel overhead can be further reduced by decreasing the amount of physical resources reserved for (E)PDCCH transmissions, which, in turn, allows re-using these resources to transmit PDSCH. The resulting throughput gain is a consequence of the statistical multiplexing gain which cross-subframe scheduling offers.
Both downlink control channels in LTE feature a deterministic resource element to resource element group mapping. The latter allow the formation of control channel elements which then allow the definition of search spaces. For both the legacy PDCCH and the EPDCCH the eNodeB reserves certain OFDM symbols or PRB pairs for transmission of control information, respectively. The legacy control region comprises OFDM symbols 0-2 when the system bandwidth is greater than 10 PRBs and OFDM symbols 0-3 otherwise. The enhanced control region comprises 2, 4, or 8 PRB pairs which are higher-layer configured in a semi-static fashion. Both PDCCH and EPDCCH were designed to minimize potential loss through unused resources reserved for transmission of control information. For instance, the exact size of the legacy control region is signaled on the Physical Downlink Control Format Indicator Channel (PCFICH) dynamically for each subframe. For the EPDCCH, the eNodeB can transmit PDSCH in PRB pairs reserved for EPDCCH transmissions that are not consumed for transmission of control information. In addition, by configuring two EPDCCH sets with a different number of PRB pairs, the eNodeB can control the amount of unused resources to a certain extent, albeit not without incurring a loss in frequency diversity. 

Even though the eNodeB can dynamically allocate PDSCH transmissions to OFDM symbols (by choosing a lower CFI value) and PRB pairs (through dynamic PDSCH scheduling) reserved for control channel transmissions, the gains are limited by the granularity of the CFI (one OFDM symbol) and the resource allocation (one PRB pair). These “atomic units” of both control channels are maintained with cross-subframe scheduling, however, cross-subframe scheduling allows bundling the transmission of uplink and downlink control information for multiple subframes into a single subframe. Ignoring practical considerations such as latency and HARQ retransmissions, cross-subframe scheduling could eliminate wastage of physical resources not used for transmission of either (E)PDCCH or PDSCH. 
For medium to high loads, the gain of statistical multiplexing is expected to be low because existing means already allow the eNodeB to control the wastage of unused (E)PDCCH resources through dynamic CFI indication in the PCFICH and dynamic PDSCH resource allocation. For low loads and in the high SNR regime, the eNodeB can transmit downlink control information in the first OFDM symbol which needs to be reserved anyway for the common search space. In the low to moderate SNR regime, the EPDCCH offers benefits such as frequency-domain ICIC and beamforming gain and statistical multiplexing gain could offer some performance gains. How much more throughput can be achieved with statistical multiplexing of (E)PDCCH transmissions in time would need to be demonstrated by realistic systems-level simulations. 
Above considerations of cross-subframe scheduling mainly concern the downlink. More precisely, while the statistical multiplexing gain can be obtained for both DL and UL DCI formats the throughput gains are obtained by scheduling PDSCH transmissions in the resources not consumed by (E)PDCCH transmissions. Cross-subframe scheduling, however, can also provide throughput gains in the uplink by facilitating PUSCH transmissions that would otherwise be impossible to schedule. For instance, if the eNodeB decides to not transmit any downlink control information in an Almost Blank Subframe (ABS) it cannot schedule an uplink transmission in the corresponding UL subframe either. Pending the decision on the Way Forward in [3] an eNodeB may not want to transmit EPDCCH in subframes configured for transmission of positioning reference signals (PRS). Since a UE is configured to monitor the UE-specific search space on either the PDCCH or EPDCCH, the only remedy to transmit an uplink grant to a UE configured for monitoring the EPDCCH in a subframe containing PRS is to use the common search space. This, however, might not be possible due to the limited capacity of the CSS. A similar situation could occur if a new carrier type was specified supporting MBMS in a backward-compatible manner. In a subframe used for transmission of PMCH the eNodeB could not schedule PUSCH transmissions since the EPDCCH is frequency-multiplexed and the PMCH is time-multiplexed. Cross-subframe scheduling would allow to schedule PUSCH transmissions associated with the subframe containing the PMCH in a subframe not used for PMCH transmission. This, however, is speculation at this time with the specification of a new carrier type pending.
In summary, while cross-subframe scheduling could provide some gains in certain scenarios we currently do not see the need for specifying multi-subframe scheduling. 

3. Conclusion

This contribution discussed possible performance gains offered by multi-subframe and cross-subframe scheduling. While cross-subframe scheduling could provide some gains in certain scenarios we currently do not see the need for specifying multi-subframe scheduling.
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