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[bookmark: _Ref124589705][bookmark: _Ref129681862]Introduction
In RAN1#80, several agreements were made regarding the synchronization of Licensed Assisted Access (LAA) carriers, i.e.: 
· Functions that can be supported by one or more signals to be transmitted from the beginning of a discontinuous LAA downlink transmission can include at least one of the following
· AGC setting
· Channel reservation
· Note: Transmission of the signal(s) may not be required 
· At least functions that may need to be supported for discontinuous LAA downlink transmission operation by one or more signals include at least one of the following
· Detection of the LAA downlink transmission (including cell identification)
· Time & frequency synchronization
· Other functionalities if necessary
· Note that it is not precluded the same signal is used for all above and possibly other functions
· The above functionalities can be supported by other methods (including assistance from licensed carrier)

A preamble (i.e., a form of synchronization signal) which is transmitted prior to the control/data channels could accommodate the above agreed functions [1]. In this contribution, we look further into the issues of designing a preamble. In particular, this includes:
· Preamble design to support of low-complex detection and quick synchronization.
· Preamble transmission in fractional OFDM symbols at least for channel reservation.

[bookmark: _Ref129681832]Motivation of Preamble for Synchronization 
As the downlink transmission on an LAA carrier is opportunistic and the transmission gap is of uncertain length between the previous transmission and the current transmission, the UE may lose the synchronization to the LAA eNodeB. The loss of synchronization may be caused by the oscillator drift and the mobility. Therefore an LAA eNodeB should transmit the necessary synchronization signals on the LAA carrier.
Relying on the periodic or opportunistic periodic synchronization signals on the LAA carrier for fine synchronization/tracking could be very inefficient in terms of resource utilization. If the LAA eNodeB measures the channel as clear at a time which is not for periodic synchronization signal transmission, the synchronization signal transmission may have to be delayed for an unreasonably long gap which at least lasts until the next periodic occasion, i.e. the duration during this gap cannot be used for data transmission.
Relying on aperiodic signals for LAA fine synchronization/tracking is more efficient in terms of resource utilization. Once the LAA eNodeB measures the channel as clear, it transmits a preamble for fine synchronization, and then the data/control channels. The UE gets synchronized to the LAA eNodeB based on the aperiodically transmitted preamble and is able to demodulate data/control channels immediately after the preamble.
Proposal 1: The LAA eNodeB should support synchronization on the LAA carrier by means of transmitting aperiodic preamble before data/control channel transmission. 
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Figure 1. LAA transmission with LAA preamble consisting of a fractional OFDM symbol and at least one complete OFDM symbol.
It should be noted that a form of preamble was introduced in Rel-12 for Device-to-Device (D2D) communications with similar objectives as given in Sec. 1. This preamble was designed by reusing the D2D synchronization signals (which are based on the Rel-8 PSS/SSS sequences) and consists of a subframe including 2 Primary Sidelink Synchronization Signal (PSSS) symbols and 2 Secondary Sidelink Synchronization Signal (SSSS) symbols. Such a preamble is transmitted in order to facilitate one-shot synchronization before receiving a discovery message and it can be detected using existing receiver for the D2D synchronization signals. 
Design Principles for LAA Preamble
In the downlink, an LAA eNodeB performs a Clear Channel Assessment (CCA) and after measuring the channel as clear, it should start preamble transmission immediately in order to reserve the channel. This may require transmitting a fractional OFDM symbol if the starting time is not exactly at the OFDM symbol boundary. This should be followed by one or several complete OFDM symbols as the other part of the preamble, and then followed by data/control transmission, see Figure 1. 
Several design principles were mentioned in [1], which are summarized below:
· The LAA preamble should contain at least one complete OFDM symbol for synchronization. Given that the fractional OFDM symbol is of variable length, it is obviously not sufficient for synchronization as a minimum signal energy would be not ensured.
· The LAA preamble should be used for time and frequency synchronization and at least contain cell ID information. The cell ID information helps the UE to obtain the synchronization to the serving cell and possibly also to neighbor cells. The obtained time and frequency synchronization should be sufficient for data/control chanel demodulation. 
· The LAA preamble should facilitate low-complexity preamble signal detection. The transmission timing of the preamble is typically not fixed and the UE may need to continuously try to detect the preamble. In addition the UE is expected to detect LAA preamble in a very short time as the data is transmitted immediately after the preamble. 
· The LAA preamble should have equal, or at least similar, transmit power as that of an OFDM symbol containing data. Equal power allocation for the preamble and data symbols helps to maintain a constant interference level over time, which is especially helpful for other Nodes performing CCA.
· The LAA preamble should be transmitted over the entire bandwidth (at least to conform to the Occupied Channel Bandwidth requirements [2]) and be evenly distributed in the frequency domain. Equal power allocation for the preamble in the frequency domain helps to maintain constant interference level also over frequency, which is especially helpful for co-existence of LAA eNodeBs with different bandwidths and also for CSI measurements. The inter-cell interference caused by preamble will tend to be evenly distributed over the frequency, which helps to reduce inter-cell interference variation over the frequency domain. Therefore, the inter-cell interference caused by preamble and data will tend to be similar as it follows similar distribution over the frequency, which helps to reduce inter-cell interference variation over the time domain. Neighbor cell users, when measuring CSI, will get more robust CSI measurements due to reduced inter-cell interference variation over the frequency domain and time domain.
Proposal 2: The LAA preamble should
· Contain at least one complete OFDM symbol for synchronization. 
· Be used for time and frequency synchronization and at least contain cell ID information. 
· Facilitate the low-complexity preamble signal detection. 
· Have equal, or at least similar, transmit power as that of an OFDM symbol containing data/control channels.
· Be transmitted over the entire bandwidth and be evenly distributed in the frequency domain.
LAA Preamble Design
The preamble should be defined for complete OFDM symbol(s) and potentially a fractional OFDM symbol.
4.1 Complete OFDM Symbols of Preamble 
The complete OFDM symbols of the preamble should contain one or two OFDM symbols and be generated by frequency multiplexing the existing PSS and/or SSS sequence to occupy the entire bandwidth within one OFDM symbol, as illustrated in Figure 2. This is possible since it is agreed that the LAA carrier bandwidth is at least 5 MHz. Larger bandwidths can be supported by further repetition in the frequency domain. This fulfills all the principles outlined in Sec. 3 and is in accordance with supporting the agreed functions cited in Sec. 1. Whether one or two complete OFDM symbols are preferable, may be determined considering detection performance, receiver complexity and preamble overhead.
The advantages of such an LAA preamble are:
· Low-complexity preamble generation and detection. The existing PSS and SSS sequences are re-used, which minimizes both the implementation and specification work. Low-complexity detection is inherited by reusing the PSS and SSS design and corresponding receivers. It is well-known that the central symmetry of the PSS sequences can reduce the number of multiplications in the receiver (~50%) and allows parallel detection of multiple PSS sequences with the complexity of just one sequence. Alternatively, a receiver matched to the signal generated from all PSS sequences will achieve the same reductions, see Appendix A for further details. The low-complexity detection of the SSS is maintained by reusing the Fast Hadamard Transform (FHT) based receiver.  
· Minimum preamble overhead. Only one or two OFDM symbols are used which results in minimum overhead and maximizes the number of OFDM symbols for data/control transmissions. 
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Figure 2. LAA Preamble using 2 OFDM symbols (left) or 1 OFDM symbol (right) including frequency division multiplexed synchronization signals.


· One-shot synchronization. The accumulated energy after correlation of  multiplexed PSS sequences corresponds to  times to that of a single PSS (See Annex A). A preamble consisting of 4 synchronization sequences is comparable to the D2D preamble and should therefore offer sufficient synchronization performance.
· Minimum interference variations. The preamble can use a nearly constant power level in both time and frequency domain to facilitate robust CCA and CSI-measurement. 
Proposal 3: The complete OFDM symbol(s) of the LAA preamble should contain one or two OFDM symbols and be generated by frequency multiplexing the existing PSS and/or SSS sequences within one OFDM symbol. 
4.2	Fractional OFDM Symbol of Preamble
The fractional OFDM symbol of the preamble could be used to indicate to other LAA eNodeBs that the channel has been occupied by another LAA eNodeB, which is further discussed in [6]. This may provide advantages of increasing the CCA threshold to approach frequency reuse 1 operation, for which the advanced benefits of the LTE physical layer are utilized, especially for LAA-LAA co-existence case [7].  Here, we study some additional aspects of using a fractional OFDM symbol as a preamble. 
The CCA procedure may be finished before the start of an OFDM symbol, leaving room for transmitting a fractional OFDM symbol, whose duration is less than a complete OFDM symbol. A fractional OFDM symbol will therefore not follow the numerology of LTE, which gives rise to two issues:
· Generation of OFDM symbols with variable duration.
· Increased Out-of-band (OOB) emissions due to shorter symbol duration.
The first issue implies that eNodeB needs to be able to generate OFDM symbols of arbitrary and variable durations, which would require introducing a new baseband signal definition in the specifications. It is also not clear that a short fractional OFDM symbol could be generated in practice with the existing eNodeB hardware, considering that the transient period requirement from OFF to ON of the eNodeB is 17 µs [3].   
Increased OOB may imply that new (and tighter) transmit filters are needed in the eNodeB. This effectively implies that the implementation margin becomes smaller which increases the cost of the equipment. Designing the transmit filter may also be difficult considering that it should suppress the OOB both for complete OFDM symbols as well as fractional OFDM symbols with variable length. For example, if a fractional OFDM symbol on the average assumes a duration equal to half an OFDM symbol, the OOB emission at the carrier edge increases by 2.9 dB (see Appendix B). The increase would become much larger for shorter fractional OFDM symbol durations. In addition, the increased OOB emission causes more interference to adjacent bands, especially to other eNodeBs performing CCA measurements as the CCA observation time is very short which eventually may cause more CCA failures. 
Both the above listed issues are solved by letting the fractional OFDM symbol of preamble be generated as a cyclic extension of the subsequent complete OFDM symbol (i.e., containing the preamble of the complete OFDM symbol).
The advantages of the design for the fractional OFDM symbol of LAA preamble are:
· Low-complexity OFDM symbol generation. The existing OFDM symbol generation in the eNodeB can be directly reused as the fractional OFDM symbol can be seen as a part of the subsequent complete OFDM symbol. No specification impact for the baseband signal definition is needed.
· Reduced OOB emission. The fractional OFDM symbol results in decreased OOB emission due to increased symbol duration, as shown in Appendix B. Therefore, no new spectral suppression methods are needed in the eNodeB and the existing implementation margins may be kept. 
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Figure 3. Fractional OFDM symbol generated as a cyclic extension of the subsequent OFDM symbol.

Observation: If the fractional OFDM symbol of preamble is generated as a cyclic extension of the subsequent complete OFDM symbol:
· The existing OFDM baseband signal generation could be reused.
· The Out-of-Band (OOB) emissions could be reduced.

Conclusions
The motivation of LAA preamble, design principles, as well as the LAA preamble design, is discussed. It is proposed:
Proposal 1: The LAA eNodeB should support synchronization on the LAA carrier by means of transmitting aperiodic preamble before data/control channel transmission.
[bookmark: _Ref124589665][bookmark: _Ref71620620][bookmark: _Ref124671424]Proposal 2: The LAA preamble should
· Contain at least one complete OFDM symbol for synchronization. 
· Be used for time and frequency synchronization and at least contain cell ID information. 
· Facilitate the low-complexity preamble signal detection. 
· Have equal, or at least similar, transmit power as that of an OFDM symbol containing data/control channels.
· Be transmitted over the entire bandwidth and be evenly distributed in the frequency domain.
Proposal 3: The complete OFDM symbol(s) of the LAA preamble should contain one or two OFDM symbols and be generated by frequency multiplexing the existing PSS and/or SSS sequences within one OFDM symbol. 
Furthermore, the following observation is made.
Observation: If the fractional OFDM symbol of preamble is generated as a cyclic extension of the subsequent complete OFDM symbol:
· The existing OFDM baseband signal generation could be reused.
· The Out-of-Band (OOB) emissions could be reduced.
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Appendix A. Detection of frequency multiplexed PSS sequences
As specified in 3GPP TS 36.211, the PSS is using a frequency domain sequence . The corresponding discrete time domain signal can be expressed as:  


The PSS is typically detected in the time-domain by a matched filter, i.e., the received samples are multiplied with a replica of the transmitted signal, thereby creating a correlation peak at the correct timing . 
Multiple matched filters
The matched filters of the UE can be reused by performing conversion and filtering in base-band in order to apply a  matched filter whose length is equal to the signal generated from one PSS sequence, as shown in Fig. 4.
Single matched filter
In the receiver, a single matched filter is applied to the signal generated from all PSS sequences, see Fig. 5. Thus the length of the matched filter has a length at least not being less than the number of subcarriers being modulated by the PSS sequences. 
Suppose that   PSS sequences are multiplexed in an OFDM symbol, each being mapped around a frequency . Thus, the signal generated from the m:th sequence is , where  is the PSS. Then, at the correct timing, a matched filter of length  produces the output 

since =0. That is, the accumulated energy corresponds to  times to that of a single PSS. 
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Figure 4. Baseband receiver structure for the preamble detector with multiple matched filters.
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Figure 5. Baseband receiver structure for the PSS detector with a single matched filter .

Appendix B. OOB emission 
If the transmit signal on each single subcarrier is represented by , as in [4], the power spectral density (PSD) of  can be represented by :

where A denotes the signal amplitude and  is the complete symbol duration which consists of the sum of useful symbol duration  and guard interval  during which the Cyclic Prefix (CP) is transmitted. The PSD of an OFDM subcarrier is a sinc function with the main lobe being within [-1/. Therefore larger  implies that the OFDM subcarrier energy is more concentrated in its allocated frequency and less OOB emission.
If the modulation symbols on the different subcarriers are uncorrelated, the PSD of the OFDM signal comprising N subcarriers can be expressed: 

As the symbol duration of the fractional OFDM symbol   is shorter than the normal complete OFDM symbol duration , the power emission increases, as illustrated in Figure 6, where it is assumed that the bandwidth is 20 MHz, the eNodeB transmission power is 36 dBm [5], the FFT size is 2048, and the CP length is 144/(15000*2048) s. It can be observed that the power emission is increased if the fractional OFDM symbol duration is of 3/4 useful symbol duration (3/4 ), and is further increased (from -68.4 dBm/Hz to -65.5 dBm/Hz at 10 MHz frequency offset from the carrier frequency) if the fractional OFDM symbol is reduced to 1/2 useful symbol duration (1/2 ), or to 1/4 useful symbol duration (1/4 ). 
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Figure 6. PSD for OFDM symbols of different duration showing that the OOB emissions increase for fractional OFDM symbols.
By generating the fractional OFDM symbol as a cyclic extension of the subsequent OFDM symbol, the OFDM symbol duration is prolonged compared with the concerned fractional OFDM symbol, and also the subsequent OFDM symbol, resulting in reduced OOB emissions, as shown in Figure 7.
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Figure 7.	PSD for OFDM symbols of different duration showing that the OOB emissions decrease for fractional OFDM symbols being generated as cyclic extensions of a subsequent OFDM symbol.
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