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1
Introduction

In previous RAN1 meeting, views on synchronization signal design for NB-IoT have been presented while also some agreements have been reached. 
· Design of synchronization signal should consider the UE power consumption, UE complexity, resource overhead, and performance, and impact to the false detection of legacy devices
Working assumption: 504 unique physical cell identities shall be supported by the synchronization signal design
· The synchronization signals of NB-IoT consist of primary synchronization signal (PSS) and secondary synchronization signal (SSS). 
· NB-IoT PSS/SSS do not use at least:
· the LTE PDCCH control region: FFS: number of symbols of the control region
· REs used by LTE CRS
· The following mechanisms may be considered: 
· NB-IoT PSS/SSS are punctured by LTE CRS 
· Other mechanisms (including, for example, not using OFDM symbols used by LTE CRS, or transmitting the NB-IoT PSS/SSS in LTE MBSFN subframes) are not precluded
· NB-IoT PSS/SSS design should consider different CP lengths (e.g. normal CP and extended CP) if supported 
· FFS whether cell ID information is carried by NB-IoT PSS. 
· If not, then NB-IoT physical cell ID is indicated by NB-IoT SSS 
· FFS whether the operation mode (i.e. some or all of standalone / guard-band / in-band) needs to be indicated somehow.
· FFS whether/how FDD/TDD needs to be indicated. 
Based on the discussion from the previous meeting, the NB-IoT synchronization signal has several important open design points which we address in the following. In this contribution we perform an analysis of synchronization signal design for NB-IoT.
2 
LTE Design considerations
The LTE synchronization signal has several important characteristics. The broadcasted channel is formed by two signals: primary synchronization signal (PSS) and secondary synchronization signal (SSS) which are transmitted with a periodicity of 5 ms, hence twice in every radio frame. The UE acquires time and frequency synchronization and also obtains the physical cell identity (PCID) of the cell. Following the cell synchronization and PCID acquisition, the UE decodes the physical broadcast channel (PBCH) which contains system related information such as the master information block (MIB). 

2.1 Frame placement

In LTE, PSS and SSS are transmitted in the middle 6 PRBs of the bandwidth, however the frame placement of PSS and SSS is done differently for TDD and FDD systems. This is because the UE is able to differentiate between TDD and FDD operation while also the specific frame structures of TDD and FDD are not allowing too many frame placement options. In FDD the PSS and SSS are place in adjacent OFDM symbols #5 and #6 of the first slot, in subframes #0 and 5. In TDD there is a separation of two OFDM symbols between PSS and SSS, PSS being placed in the OFDM #2 symbol of slots 2 and 12 and SSS being placed in the last symbol of the slots 1 and 11.These configurations are depicted in Figure 1 and Figure 2.
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Figure 1: LTE synchronization signal placement in FDD system
When it comes to the PRB placement, LTE design is somehow simpler as the synchronization signals are occupying a single OFDM symbol and hence there is more design flexibility as described above.
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Figure 2: PSS and SSS OFDM symbol placement in FDD and TDD LTE.
2.2 Sequence utilization

The 504 unique PCIDs of LTE are grouped into 168 PCID groups, each group containing 3 unique identities. The LTE PSS is based on a frequency-domain Zadoff-Chu sequence. By estimating the PSS, the UE is able to identify one of the 3 groups of PCIDs. The LTE SSS is based on a binary sequence. The SSS sequence construction is done in such a way that the two SSS transmissions in a radio frame (subframe #0 and #5 of FDD) can be differentiated, hence the two sequences are made in a different way. The length of the SSS sequence is 62 subcarriers, fitting the middle 6PRBs of the bandwidth. By detecting the SSS, the UE is able to achieve radio frame synchronization and identify one of the PCIDs. 

LTE operation is done such that the cross-correlation between the received signal and the PSS replica in time domain are used for acquiring the symbol timing. The UE needs to perform multiple cross-correlation operations and also such detection is sensitive to frequency offsets and Doppler shifts and hence requires high computation complexity. The correlation needs to be calculated independently for each of the three PSS candidates. A less complex alternative to such operation is the auto-correlation based PSS where the receiver does not need to compute several times the cross-correlation. Despite the arguable more poor performance in low SNR conditions, auto-correlation based PSS would result in lower complexity and also could more easily incorporate different system hypothesis by means of different PSS sequences. The auto-correlation would give the PSS timing and once the timing is known a cross-correlation would give the sequence identity.
3 
NB-IoT design considerations

Several NB-IoT synchronization signal designs have been proposed in [2]

 REF _Ref432766337 \r \h 
[3]

 REF _Ref432766339 \r \h 
[4]

 REF _Ref432766340 \r \h 
[5]

 REF _Ref432766343 \r \h 
[6]

 REF _Ref432766345 \r \h 
[7]

 REF _Ref432766347 \r \h 
[8]

 REF _Ref432766349 \r \h 
[9]

 REF _Ref432766351 \r \h 
[10]. The main differences consist in frame placement and repetitions, sequence utilization. If NB-IoT is going to support both FDD and TDD, it is important to consider the synchronization signal design covering these cases from the very beginning. This is because the NB-PSS and NB-SSS are making use of full PRBs and hence reliable placements are more difficult to find in both TDD and FDD, this might be impacting the sequence lengths. 
Observation: Due to the full/almost full PRB/subframe placement, NB-PSS and NB-SSS are more difficult to fit both TDD and FDD.

3.1 MBSFN utilization
We start the frame placement discussion with the subframe type to be utilized. During the previous meeting, one of the open points was the utilization of LTE MBSFN subframes for PSS/SSS transmission. In Figure 3 we depict the two density designs for NB-PSS and NB-SSS as proposed in [10]. 
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Figure 3: NB-IoT synchronization and PBCH signal placement in FDD system.
In the utilization of the MBSFM subframes several design points need to be considered: 

1. In MBSFN subframe, all the REs are free of legacy LTE signals (mainly CRS in this situation). This means that in practice a total of up to 16 REs may be used in addition to free REs (provided every other free REs are utilized). A full RE utilization (excepting the PDCCH area) is also possible by puncturing the CRS REs. Hence from an RE utilization perspective, utilizing MBSFN subframes does not seem to bring a too high benefit. 
2. Due to the nature of wideband MBSFN scheduling, the whole bandwidth is configured in MBSFN also for LTE transmission. Due to the repetitive nature of NB-PSS/ NB-SSS transmission, the impact to the LTE is rather substantial. For example, following the design presented in Figure 3 for the in-band deployment, up to 20% increased overhead is introduced to the LTE system. A potential solution to this is also for the LTE system to make use of MBSFN subframes, but certainly it seems rather harsh that due to a single PRB scheduling the whole system would suffer such a penalty. Such MBSFN subframes may be used also for NB-PBCH transmission which would further increase the overhead and impact the LTE performance.
3. The utilization of MBSFN subframes should be seen also from the perspective of LTE system in the sense of how are the NB-IoT syncronization signals being transmitted when MBSFN is used in LTE? Currently for FDD system there are 6 MBSFN transmission possibilities in an LTE radio frame. Both designs of low and high density synchronization signals in Figure 1 would allow the utilization of MBSFN subframes for LTE. In other words, NB-IoT operation is possible when MBSFN subframes are used for LTE. On the other hand, TDD has less MBSFN opportunities and in fact we think in TDD MBSFN is not a good solution at all as the system cannot accommodate legacy LTE and MBSFN for NB-IoT without severely restricting the DL/UL configuration.
Observations:

· MBSFN subframes for NB-IoT reduce the system configuration flexibility restricting the scheduling in the full bandwidth.

· In TDD there are less MBSFN subframes opportunities.

Proposal 1: MBSFN subframes are not considered for NB-PSS/NB-SSS/NB-PBCH transmission.
In a situation where a massive number of NB-IoT devices would be deployed, it is reasonable to assume that more than one NB-IoT PRBs are scheduled in-band. From broadcast channel perspective it seems reasonable to consider the potential overhead which propagates over the LTE bandwidth. 
Proposal 2: consider minimizing the system overhead when multiple NB-IoT PRBs are deployed in-band.
3.2 TDD design

The LTE TDD design has several key characteristics which we discuss in the following. The pre-requisite for the TDD design is the existence of several DL-UL frame configurations (shown in Table 1 below) as well as various possibilities for configuring the number of OFDM symbols in the special subframe which correspond to DwPTS, GP and UpPTS (shown in Table 2 below). DwPTS contains a dedicated number of downlink OFDM symbols in the special subframe of TDD.
Table 1: LTE TDD uplink-downlink configurations
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For synchronization signal design, it is important to harvest all the DL resources and also get a maximum benefit of the special subframes. By inspecting the configurations in Table 1, it is evident that subframes #0 and #5 are always DL subframes while also subframe #1 is always a special subframe.

Observations:
· Utilize subframes #0, #1 and #5 for TDD NB-sync design as it facilitates broadcast operation in any TDD configuration.
· Subframe #9 may also be utilized for NB-IoT broadcast channels.

In Figure 4 we depict the LTE TDD configuration #0 and the special subframe configuration #0. This TDD configuration has the smallest amount of DL resources. The LTE synchronization signal and PBCH transmissions are transmitted in a rather compact way in the sense that they make use of the DL-special subframe bundles (such as subframe #0 and #1) available in all configurations. However the NB-IoT design principle is expanding the allocations of such signals, making use of full PRBs, hence TDD configuration #0 seems rather difficult to support in the NB-IoT system. However even this configuration could accommodate all the broadcast signals provided longer repetitions and larger periodicities are utilized in order to allow time multiplexing.
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Figure 4: LTE TDD frame configuration example
Most of the TDD configurations are containing the DL-Special subframe bundle and an additional DL subframe occurrence at the end of the radio frame. In the following we look at two alternatives for placing the NB-IoT channels. As the resources are rather scarce, we also consider the NB-PBCH in this discussion. 
Design option 1
In Figure 5 we present a possible NB-PBCH, NB-PSS and NB-SSS arrangement. This design has several particularities:

· NB-PSS and NB-SSS are separated by one OFDM symbols, (LTE TDD design has a separation of two symbols while LTE FDD has no separation).

· NB-PSS is transmitted in subframe #0 while NB-SSS in the DwPTS of subframe #1.

· NB-SSS has the following design: 6 OFDM symbols are used, with a different placement in the OFDM symbols compared to FDD. A special particularity is that if 4 antennas ports are transmitted, the ports 2 and 3 are punctured in the sense that NB-SSS is transmitted instead of CRS ports. From this perspective we think some further discussion is needed in RAN1 with respect to avoiding LTE CRS as decided in previous meeting. This comes with a minimum, if any, penalty for LTE system. Only 1 OFDM symbol is used for control.

· NB-PBCH is transmitted in subframe #5 and has 52REs capacity. More resource may be allocated, to have a similar design as FDD.

· NB-PSS and NB-SSS may be configured with a periodicity of 10 ms if desired, lower periodicities being possible as well, following the FDD principle of low and high densities.
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Figure 5: NB-PBCH, NB-PSS, NB-SSS example for TDD configuration #0

Depending on the amount of REs needed for NB-SSS and NB-PBCH, a different placement of the NB-IoT broadcast signals is shown in Figure 6. 

Design option 2:

The design in Figure 6 has several particularities:

· NB-PSS and NB-SSS are separated by four subframes (similar as FDD design). From this perspective the UE cannot differentiate between TDD and FDD as it is the case of Design option 1.

· NB-PSS is transmitted in subframe #0 while NB-PBCH in the DwPTS of subframe #1.

· NB-PBCH exploits the DwPTS area and has the following design: 7 OFDM symbols are used resulting in 64 REs. A DMRS pattern of 8 total REs is used, more DMRS can be designed with an additional pattern of 8 REs however reducing the NB-PBCH capacity to 56 REs. No puncturing is needed in this case. 

· NB-PSS and NB-SSS may be configured with a periodicity of 10 ms if desired, lower periodicities being possible as well, following the FDD principle of low and high densities.

· The NB-SSS design may follow the FDD OFDM symbols arrangement.
· NB-PSS/NB-SSS are transmitted with a minimum of 10 ms periodicity. 

Both designs in Figure 5 and Figure 6 are making use of the always configured DL subframes #1, 2, 5. Placing NB-PBCH in DwPTS has the advantage as ports 2and 3 might not need to be punctured.
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Figure 6: alternative placement for NB-PBCH, NB-PSS, NB-SSS example for TDD configuration #0
For TDD, high and low density NB-IoT sync signals arrangements are depicted in Figure 7 and Figure 8. For completeness we also depict FDD arrangement.
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Figure 7: NB-IoT synchronization and NB-PBCH signal placement in design option 1 TDD system following the configuration from Figure 5.
[image: image10.png]. 20ms Ine-pecH [[Ne-pss ] Na-sss

10 ms
| I AT

TDD configuration #0 low density

I TDD configuration #0 high density

FDD low density

[[II1]] FoD high density





Figure 8: NB-IoT synchronization and NB-PBCH signal placement in design option 2 TDD system following the configuration from Figure 6.
Proposal 3: support both TDD and FDD NB-IoT synchronization signal designs.
Proposal 4: make use of DwPTS for NB-SSS or NB-PBCH placement.
3.3 RE mapping and Sequence length 

During our previous discussion on TDD, as the resource elements in DwPTS are rather scarce, we have ended up with two design choices where either NB-SSS or NB-PBCH could fit DwPTS area. However the target is to have the same sequences for both TDD and FDD and hence occupying the same amount of REs in both configurations. In FDD design it has been proposed to use 72 REs (corresponding to 6 OFDM symbols where CRS are not scheduled). For TDD it is necessary to puncture CRS ports 2 and 3 in one OFDM symbol, hence with minimum impact, if any, to LTE. This is because only 1 or just a few PRBs in frequency would have such transmission while LTE channels estimation is performed wideband. Moreover, the RRM measurements are performed on port 0 and optionally on port1, hence RRM of LTE remains unchanged.  Figure 9 left, on the hash positions the eNB is sending NB-SSS signal instead of CRS ports 2 and 3. A proposed FDD NB-SSS configuration is depicted in Figure 9 right. It is also not clear if the unused elements of the FDD design are possible to be reused for any kind of transmission. 
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Figure 9: NB-SSS RE configuration in TDD special subframe (left) and FDD subframe configuration (right)

The NB-PSS RE configuration for TDD and FDD is depicted in Figure 10. As in the case of NB-SSS, the use of RE of the ports 2 and 3 should be considered. We also note that even if the serving cell is rate matching around its serving NB-PSS, this is not known by the UE which will treat every RE in a similar way in the process of acquiring synchronization. Also the other cells would perform the same operation, following the specific CRS shift configured in that cell. Such configuration requires further performance investigation in order to decide the best alternative with respect to the puncturing options the system has at hand. From a theoretical perspective, we have the following options:
Option1: map the NB-PSS on every RE and transmit CRS on the CRS RE (hence puncture the NB-SSS sequence). This option would compromise the NB-PSS sequence on a maximum of 16 REs.

Option2: map the NB-PSS on every RE and do not transmit CRS on the CRS RE (hence puncture the CRS transmission). Such an alternative cannot puncture the ports 0 and 1 but should be discussed for ports 2 and 3.
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Figure 10: NB-PSS RE configuration for both TDD and FDD

Different NB-PBCH RE placements are depicted in Figure 11. The difference is in the amount of DMRS used, varying from less DMRS in left figure to high density DMRS in the right figure.
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Figure 11: TDD NB-PBCH RE arrangement in special subframe: left: low density NB-IoT RS, right: high density NB-IoT RS
Proposal 5: Target the same PRB design for NB-PSS and NB-SSS in TDD and FDD.

4
Conclusions

In this contribution we have been presenting views with respect to NB-IoT synchronization signal design targeting the operation for both TDD and FDD. The following observations and proposals can be summarized:
Observations: 
· Due to the full/almost full PRB/subframe placement, NB-PSS and NB-SSS are more difficult to fit both TDD and FDD.
· MBSFN subframes for NB-IoT reduce the system configuration flexibility restricting the scheduling in the full bandwidth.

· In TDD there are less MBSFN subframes opportunities.

TDD NB-IoT:

· Utilize subframes #0, #1 and #5 for TDD NB-sync design as it facilitates broadcast operation in any TDD configuration.

· Subframe #9 may also be utilized for NB-IoT broadcast channels.

Proposal 1: MBSFN subframes are not considered for NB-PSS/NB-SSS/NB-PBCH transmission.
Proposal 2: consider minimizing the system overhead when multiple NB-IoT PRBs are deployed in-band.
Proposal 3: support both TDD and FDD NB-IoT synchronization signal designs.
Proposal 4: make use of DwPTS for NB-SSS or NB-PBCH placement.
Proposal 5: Target the same PRB design for NB-PSS and NB-SSS in TDD and FDD.

References

[1] RP-151621, “New Work Item: NarrowBand IOT (NB-IOT)”, Qualcomm Inc.
[2] R1-155509, “Narrowband IoT - Synchronization Design”, Samsung.

[3] R1-155746, “Design Principles for NB-IoT SYNC Channel”, Qualcomm Inc.

[4] R1-155798, “Discussion on synchronization channel design for NB-IoT”, LG Electronics.

[5] R1-155852, “Synchronization signal design and performance for NB-IoT”, Intel.

[6] R1-155879, “Synchronization Signal Design Principles for NB-IoT”, Sony.

[7] R1-155894, “Consideration on synchronization channel design for NB IoT”, Mediatek.

[8] R1-155960, “Synchronization signal design”, Huawei, HiSilicon.

[9] R1-155994, “Considerations on synchronization signal design for NB-IoT”, ZTE.

[10] R1-156009, “NB-LTE – Synchronization channel design and performance”, Ericsson.

