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1
Introduction

The R11 SI “Provision of low-cost MTC UE’s based on LTE” [1] aims to investigate the feasibility of MTC type of terminals and solutions that would permit the use of LTE radio access to become competitive with that of GSM/(E)GPRS terminals addressing the MTC use case.

Half-duplex FDD operation is one of the techniques captured inTR36.888 that may provide significant cost savings when compared to a single band single-RAT 20 MHz Cat 1 reference UE.
In this contribution, we discuss in detail coverage and specifications impacts for Half-duplex FDD capable UE’s.
2
Discussion
While most (if not all) available GSM/(E)GPRS chipsets operate in a half-duplex (HD) FDD arrangement, both 3G WCDMA/HSPA and 4G LTE FDD single-carrier implementations follow the principle of full duplex (FD) FDD operation using fixed duplex distances. The latter principle changes to some extent with the advent of 3G and LTE UE implementations supporting carrier aggregation.

Support for HD FDD is nominally possible in R8 LTE as far as the 3GPP core specifications are concerned. Additional support for DL Rx to UL Tx switching time in the UE can be provided through skipping the last OFDM symbol on the PDSCH.

When comparing the achievable DL and UL coverage for HD versus FD FDD UE’s operating on the same band, two considerations become important in order to assess the overall impact onto the link budgets:

(1) Link performance, i.e. the required operating SINR to sustain a given data rate

(2) RF losses/gains, i.e. differences in terms such as insertion losses for the Tx and Rx paths and noise factor
The link performance for PDSCH and PUSCH is most importantly dependent on both channel estimation performance and the effective amount of channel coding. UL when compared to DL link performance is more critical. This is due to limited UE maximum power in the UL and more inherent flexibility in the DL to adjust transmission settings in interference limited deployments. RF losses/gains need to account for both duplexer insertion losses and for insertion losses due to Tx and Rx filters and isolators in the analog front-end.
2.1 DL coverage for HD FDD

RS design in a given subframe is common for all FD FDD, HD FDD and TDD. However, when using CRS based transmission modes, FD FDD receivers can usually implement channel estimation across TTI’s. Already in R8 TDD, receivers are somewhat penalized in that it is the configured DL-UL frame configuration that will determine to what extent channel estimation performance on some subframes can benefit from previously received subframes. How significant the resulting demodulation losses due to channel estimation performance become then depends on the particular UE implementation.

For HD FDD UE’s, the number of available DL versus UL subframes is a function of DL and UL data rates for prolonged periods of time and is subject to eNB scheduling strategies (within certain limits).
If there is no DL or UL data, the HD FDD will spend most of its time decoding and demodulating PDCCH on DL subframes, i.e. similar to a FD FDD UE. The UE is subject to the same DRX rules. In consequence, a similar number of DL subframes is available, and little (if no) difference in demodulation performance for the PDCCH is to be expected.
During periods of DL data scheduling, the HD FDD UE will inevitably start transmitting on UL subframes in a ratio of 1:1, i.e. for every received DL subframe carrying PDSCH, it will also transmit an UL subframe carrying AN. Unlike TDD, HD-FDD cannot use A/N bundling in time-domain. Compared to a TDD UE operating at the same DL data rate, a HD FDD would therefore use a higher number of corresponding UL subframes for the same DL data rate. The best possible case for HD FDD is to use some 4 consecutive DL subframes followed by some 4 consecutive UL subframes carrying a corresponding A/N each. In consequence, DL PDSCH demodulation performance may be expected to be impacted by reduced channel estimation performance only on the first received DL subframe(s).

Note that the eNB cannot be restricted in terms of scheduling. The expected PDSCH demodulation performance due to channel estimation accuracy would be different in case DL assignments result in a more intermittent use of DL subframes and more frequent DL-UL and UL-DL switching.
We do not see any significant impact onto PDSCH demodulation performance for HD FDD resulting from puncturing the last OFDM symbol to allow for Rx-TX switching time. The eNB has different possibilities to adjust for DL link performance in interference-limited environments.

Summary

For CRS based transmission modes, less DL channel estimation accuracy has the potential to result in a small penalty for expected PDSCH demodulation performance. This degradation is not expected to be worse than 0.5-1dB and to some extent can be mitigated by appropriate scheduling strategies in the eNB. For R10 DM-RS based transmission modes, the PDSCH demodulation performance of HD FDD when compared to FD FDD is expected to be the same.
2.2 UL coverage for HD FDD

Unlike an FD FDD UE, a HD FDD UE cannot transmit continuously in the UL, because it needs to switch back to DL reception to at least decode the DL subframe in n+4 containing PHICH/PDCCH (unless some form of A/N bundling is introduced in support of HD FDD which is a specification change on top of R8).

When no TTI bundling is used, UL subframe utilization cannot exceed 50% for a  HD FDD UE’s if operating according to R8. When TTI bundling is used, then consecutive 4 UL subframes (Tx) in principle would correspond to 1 DL subframe (Rx). However, due to the FDD n+4 timing relationship between UL PUSCH and DL PHICH/PDCCH, a HD FDD UE cannot fully use R8 TTI bundling “as is”, i.e. at least not for all UL HARQ processes even if this was configurable. If support of HD FDD UE’s would allow for more flexible configuration of TTI bundling (which would be a specification change on top of R8), UL subframe utilization could then theoretically reach up to 80%, i.e. for 8 UL subframes (Tx), there would be 2 corresponding DL subframes (Rx).
In consequence, the HD FDD UE has to use a smaller amount of UL subframes than an FD FDD UE to sustain the same UL data rate. This is very comparable to differences observed in R8 evaluations for FDD and TDD. In principle, for about 40% UL subframe utilization like in the case of TDD frame configuration 1, a TDD UE would either need to use a 2.5x higher TB size than an FDD UE using the same RB allocation but higher MCS, or it would need to use a wider RB allocation and the same MCS. Different combinations of RB allocation size and MCS have different resulting coverage and spectral efficiency. Adjusting the RB allocation size doesn’t increase the spectral efficiency, but increasing the MCS does. When choosing an MCS at spectral efficiency 1 b/s/Hz like QPSK 2/3, coverage can be optimized. TDD UE’s will therefore require larger RB allocations for a PUSCH to support the same data rate simply due to the fewer available UL subframes than in FDD.

For example, in the case of TDD frame configuration 1 (resulting in an UL subframe utilization ratio of 40%), supporting UL 64 kbps typically requires a PUSCH allocation of some 8-9 RB’s (compared to FDD 4-5 RB’s). In the R8 performance evaluations, correspondingly a difference of some 2dB in required operating SINR is observed between FDD and TDD. 
If the effective UL utilization ratio of the HD FDD UE is around 40%, a penalty close to these 2dB can be expected when comparing the required operating SINR for HD FDD to FD FDD for the same UL data rate.
In other words, the achievable area coverage for a given UL data rate for HD FDD UE’s can be expected to be affected by similar factors like observed in the R8 FDD and TDD evaluations. This is due to limited number of schedulable UL subframes in the HD FDD case.
UL coverage in terms of absolute numbers, i.e. an UL noise limited scenario such as 3GPP Case 3 is best considered when using VoIP as an example for a low bit rate service.
For the same UL delay budget per transmitted VoIP packet over a duration of 50-60 ms and not using any TTI bundling, typically some 7 to 8 TTI’s can be collected for every RLC SDU with FDD. TDD using frame configuration 1 would typically allow for some 5 TTI’s during that same UL transmission window. Note that the allowable number of HARQ re-transmissions per RLC SDU is primarily a function of the number of concurrently active HARQ processes given that a new VoIP packet during a talk spurt arrives every 20 ms. In terms of required operating SINR, the penalty for TDD operating at 40% UL subframe utilization when frame configuration 1 is configured in a cell and when compared to FDD is some 1-1.5 dB for NB AMR 12.2 kbps.

In presence of TTI bundling to improve onto UL coverage, the performance gap is further increased in favor of FDD. Using 4 concurrent HARQ processes in FDD will typically result in collecting some 12, or 16 TTI’s per RLC SDU over the transmission window, while in TDD due to the limited amount of UL subframes some 8 TTI’s using TTI bundling can be collected. The required operating SINR for FDD will be some at least 2-2.5dB lower than with TDD.
For HD FDD, the use of TTI bundling has similar limitations, i.e. even if specification changes were introduced such that all HARQ processes could equally employ TTI bundling, the number of allowable HARQ re-transmissions per RLC SDU would still be more limited compared to FD FDD in presence of a maximum 80% UL subframe utilization requiring smaller transmission windows for the same number of HARQ processes. The corresponding SINR penalty would at least be order of 1-1.5dB. Note however above example is optimistic due to the assumption that more flexibility is introduced for HD FDD capable equipment through specification changes on top of R8.

If HD FDD UE’s operate according to R8, TTI bundling cannot be configured on a per HARQ process basis, a comparison of UL coverage between FD FDD and HD FDD in principle amounts to a comparison of TTI bundling versus no TTI bundling plus the penalty for HD FDD to use fewer concurrently active UL HARQ processes. The resulting operating SINR for HD FDD UE’s would at least be in the order of some 2.5-3dB higher than observed for a FD FDD UE implementation.
Summary

For a 64 kbps UL data rate, HD FDD may be expected to require an operating SINR some 2dB higher than FD FDD due to the limited amount of UL subframes, i.e. for the same reasons as performance differences observed in R8 FDD and TDD. For UL VoIP, in absence of TTI bundling, the required operating SINR for a HD FDD UE would be some 1 to 1.5dB lower than with FD FDD. When TTI bundling is used, a R8 based HD FDD UE would be penalized by some 2.5-3dB due to fewer concurrently active HARQ processes and inability to use TTI bundling across all UL HARQ processes.
2.3 Coverage and RF implementation aspects
While a HD FDD UE would not need the operating band Tx-Rx duplexer(s), design of the analog RF front-end paths will not be able to re-use an existing full-duplex Tx or Rx FDD path “as is”. Depending on the UMTS operating band, additional Rx filters and isolators will become necessary to avoid Rx desensitation (amongst others). On the other hand, the UL Tx side design for HD FDD devices offers some potential for easier filter implementation.

Similar to LTE TDD, the insertion loss from including the duplexer can typically be avoided in a HD FDD UE implementation. This is to say, even for single band operation, duplexer losses will still depend on the operating band under consideration. We estimate that potentially some 1.5-2dB insertion loss due to elimination of the duplexer can be assumed at least for the sub 1 GHz bands. On the other hand, the presence of Tx and Rx filters and isolators will result in insertion losses of some 0.5-1dB.

Therefore, when comparing a duplexer-free RF implementation including the front-end filter network in the Tx and Rx chains such as in TDD to that of a typical FD FDD implementation, when comparing a single band HD FDD implementation to a FD FDD UE implementation, it may be assumed that up to 1-1.5dB insertion loss can be avoided.

In the UL, reduced insertion losses will therefore at least partially offset the at least 2dB penalty in terms of required operating SINR for the 64 kbps reference data rate and the VoIP NB-AMR 12.2 kbps example.
It may also be possible to realistically assume that a HD FDD UE implementation in the DL may benefit from somewhat lower noise figures than what is practical compared to a FD FDD receiver. Given that the UL constitutes the bottleneck for HD operation, this advantage may be of limited use when considering achievable coverage.
It is worthwhile to remember that RAN4 demodulation requirements, i.e. REFSENS for a given UMTS operating band due to band-specific considerations, i.e. relaxations may not necessarily allow to directly compare coverage in terms of overall achievable link budgets when comparing FDD or HD FDD based on benchmark TDD numbers.
We note that above considerations use the assumption in TR 36.888 that coverage is compared for the case of a single-band, single RAT Cat 1 UE. In practice, if it becomes necessary to build HD FDD capable UE’s, RF front-end design for HD FDD capable UE’s supporting multiple LTE operating bands could well follow different design constraints. For example, it may be an attractive solution to rely on duplexers for Tx / RX isolation rather than to design a filter network for the supported band combinations. In this case, the eventual benefits of reduced insertion losses may not exist.
Summary

If elimination of the front-end duplexer can be assumed such as typically the case for single band implementation, some 1.5-2 dB insertion losses depending on the operating band can be avoided. These are partially offset by somewhat higher losses of around 0.5-1dB in the analog filtering network on the Tx and Rx paths. Overall, one may assume some 1-1.5dB gain in reduced insertion losses for a HD FDD UE. All these numbers are heavily band dependent and final numbers can be expected only following detailed RAN4 evaluation work. If multi-band support is required, it may not necessarily be assumed that the duplex filters are eliminated.
2.4 Specification impacts

In addition to the UE capability classes, most specification work required to allow for full support of HD FDD capable equipment based on R8 can be expected to occur in RAN4. Given that most RF demodulation requirements are band-specific, allowing for support of HD FDD operation will inevitably need to start with the identification of appropriate operating bands and some form of prioritization. This may result in requirements work stretching across more than a single 3GPP release.
If it furthermore becomes necessary to address UL coverage issues for HD FDD equipment for low data rates, additional specification work may be expected in RAN1.
Summary

Most (if not all) specifications work to fully support HD FDD operation is expected to occur in RAN4.
3.
Conclusions and Recommendations

In this contribution, we have discussed RF implementation aspects and factors affecting DL/UL coverage achievable for Half-duplex FDD UE’s.
When comparing a Half-duplex FDD UE implementation to a single-band full-duplex FDD UE operating on the same band, we observe that,
· An analysis of expected coverage impacts for HD FDD UE’s need to clearly distinguish between DL and UL.

· Achievable DL coverage for PDCCH and PDSCH can be expected the same, and likely improved when compared to a Full-Duplex FDD UE when taking into account some channel estimation losses compensated for by reduced insertion losses in the RF front-end.
· Achievable UL area coverage for 64 kbps data rates and NB-AMR 12.2 kbps may be expected to be worse by around 0.5 - 1dB under optimistic assumptions when considering both the penalty of higher required operating SINR’s and the gains from reduced insertion losses.

· UL coverage for UL noise-limited deployments like 3GPP Case 3 may be expected to be significantly impacted when using R8 based HD FDD due to the inability to benefit from TTI bundling, i.e. UL coverage for NB-AMR VoIP 12.2 would be worse by an estimated 1-1.5dB or more.
· Most (if not all) specification work to allow for R8 based support of HD FDD operation is expected to occur in RAN4, however, addressing UL coverage issues for HD FDD operation would require RAN1 specification work.
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