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Introduction
In RAN1#86 [1], the evaluation assumptions to study the initial access performance were agreed. In this contribution we present our synchronization design for the millimeter wave bands. Our companion contribution [2] provides the link-level simulation results.  More specifically, this contribution covers the following aspects of the sync design: 
· Support for directional (beam-formed) transmission of sync signals
· Resources mapping for the sync transmission
· Beam sweeping pattern and periodicity
· Multiplexing of different components (PSS/SSS/PBCH) of the sync transmission
· Signal design of different components (PSS/SSS/PBCH) of the sync transmission

Synchronization signal design and resources
In what follows, we provide our views on different aspects of the mmwave sync design.

Directional transmission of synchronization signals
As discussed in [3], the base station can take two approaches, during the synchronization (and random access) period, to compensate for the high free space path loss and additional non-line-of-sight losses. First, the synchronization signals can be transmitted in a beamformed manner and swept through the angular coverage region (in azimuth and/or elevation). Second, the synchronization signal can be transmitted for a longer duration with a pseudo-omni beam. Beam sweep by the base station during synchronization and random access period has several advantages over pseudo-omni beam transmission or reception with longer duration. For example the transmission of message 2, of the random access process, must be beamformed in order to meet the link budget, hence the base station and the UE need to learn the best beam pair for tx/rx during the synchronization/message-1 period. Other advantages of beamformed synchronization were discussed in [3]. 
Proposal 1: The design should allow base stations to sweep beams during synchronization and random access period.
In what follows, we provide our directional synchronization design.

Resource allocation for synchronization signal
In the frequency domain, the transmission of the sync signals must be limited to a minimum bandwidth supportable by all UEs. We also notice the sync signals may not be frequency-multiplexed with other control/data transmissions during the same symbol for the following two reasons: (i) the directional transmission of the sync signal would require other signals FDMed in the same symbol to be similarly beam-formed (in analog stage), hence limiting the possibility of transmitting other channels during the same symbol, (ii) to achieve reasonable sync performance, at very high pathloss, it is beneficial to transmit the sync signal at higher (max) power by avoiding to split the power among other FDMed transmissions. 
Proposal 2: The transmission of sync signals is limited to the minimum supportable bandwidth. An example of the minimum supportable bandwidth is 40MHz.
Proposal 3: Design should allow sync transmission without frequency-multiplexing of additional signals. 

In the time domain, some resources must be periodically allocated for the transmission of synchronization signals. A shorter periodicity (i.e., more frequent transmission of sync) would be beneficial for reducing the sync latency, processing complexity and memory requirements of the UE searcher. On the other hand, very short sync periodicity would result in higher energy consumption at the base stations and may also translate to larger overhead of the sync resources. Considering this trade-off, we propose to use sync periodicity of 5msec (similar to LTE DL synchronization) to provision for timely cell acquisition.

As discussed in Section 2.1., the base station transmits the sync signal in different directions to cover a sufficiently large angular region both in azimuth and elevation. This requires allocating enough resources (proportional to the number of beams to sweep) within a sync period. In our design, we propose to allocate 250sec worth of resources within which the base station may sweep 14 different directions (per antenna port) for the sync transmission; (see Figure 1)

Proposal 4: Every X msec, Y msec worth of resources are allocated for the transmission of a synchronization burst. Each synchronization burst consists of N nominal sync signals. The exact values of X, Y and N are FFS (example: X=5, Y=0.25, N=14).



[bookmark: _Ref463016939]Figure 1 -- resources allocated to sync transmission

Beam sweeping periodicity 
In the previous section, we discussed the sync resource periodicity. Within each sync period, we have some resources for the transmission of a synchronization burst as shown in Figure 1. Each burst of sync transmission consists of N nominal sync symbols (e.g. N=14 in our proposal), where different symbols are potentially differently beam-formed. 
In general, the base station should adopt a sweeping pattern for the transmission of the sync symbols. One example of such pattern is shown in Figure 2, where an angular region of 120 degrees in azimuth is covered by14 beams, these beams may be directed towards some predetermined angle in the elevation (e.g. towards the cell edge). 

Although the exact choice of the sweeping pattern can be left to the cells, this pattern should occur periodically and the maximum periodicity must be known by the UEs because:
(1) The UE may have different antenna subarrays, and during the initial acquisition the UE needs to determine which subarray it should use to connect to a base station. The UE hence needs to switch between subarrays and run its searcher over the received samples from the selected subarray(s). Therefore, the max beam sweep periodicity must be known to schedule the searcher.
(2) The UE may need to non-coherently combine received sync signal (e.g. PSS) over multiple periods to achieve a reliable detection at high pathloss. Therefore, UE needs to know which sync symbols are transmitted using the same beam.
In one example, the base station may sweep N different directions within one burst, and repeat the same sweeping pattern in the next transmission bursts within the next sync periods. In this case, the sweeping periodicity is the same as the sync resource periodicity.

Proposal 5: The max sync (beam sweep) periodicity Z is known by the UEs. The exact value of Z is FFS (example: sync periodicity = sync resource periodicity: Z=X=5 [msec]).

[image: ]
Figure 2 -- example of beam sweeping pattern for sync transmission

Synchronization symbol index detection 
In the previous sections, we discussed the sync burst that contains multiple nominal sync symbols (e.g., see Figure 1) possibly beamformed in different directions.  A UE detecting PSS/SSS in anyone of these nominal symbols can acquire the symbol boundary, however, the UE cannot determine the symbol index within the burst and, therefore, the subframe or burst boundary.  That is, the UE needs to further determine the nominal symbol index – e.g.,  in Figure 1– in which it detected the sync signals.  
Proposal 6: BS needs to convey alongside the sync signals the OFDM symbol index (or another suitable notion of transmission time) of the transmission.

Design of a nominal sync symbol
As discussed before and shown in Figure 1, the base station transmits a burst of synchronization signals within a sync period, and each burst consists of a number of nominal sync symbols (potentially differently beam-formed).  In what follows, we provide our views on the design of a nominal sync symbol. 
As in the legacy LTE synchronization, the sync transmission should at least consist of
· A primary sync signal (PSS): to provide timing and frequency synchronization and some part of PCID.
· A secondary sync signal (SSS): to provide the full PCID and also some information about the sub-frame/frame index number. 
· A sync channel (PBCH): to provide the minimum system information required for cell acquisition/initial access. 
In a mmwave system the transmission of PBCH must be directional similar to the PSS/SSS signals, hence it would be beneficial to multiplex all three transmissions within a nominal sync symbol. There are different options for multiplexing PSS/SSS/PBCH: (a) TDM, (b) FDM, or (c) any combination of the two. 
Figure 3 demonstrates examples of TDM and FDM approaches, Table 1 provides a qualitative comparison of the two approaches. 


Figure 3 -- nominal sync symbol design (TDM vs FDM)

In the TDM approach, the transmission of each component (PSS/SSS/PBCH) may span the whole available minimum tx bandwidth in frequency domain, and only a fraction of nominal sync symbol duration in time domain. In the FDM approach, the transmission of each component spans the whole duration of a nominal sync symbol in time domain and occupies only a fraction of the available bandwidth. In the example shown in Figure 3, the TDM design uses 4x wider subcarrier spacing compared to the FDM design, and hence each (PSS/SSS/PBCH) sub-symbol duration is 4x shorter than the FDM design.
Although the subcarrier spacing factor in the TDM approach is larger and the tx duration of each component is shorter in time domain, we note the total tx energy of each component in the two approaches is the same.

Table 1 -- TDM vs FDM comparison
	Aspect
	TDM
	FDM
	comments

	Subcarrier spacing (CP and duration of each sync sub-symbol)
	Wider (shorter)
	Narrower (longer)
	

	Timing Estimation accuracy
	Better
	Worse
	Finer TD samples in TDM approach

	PAPR of PSS
	Better 
	Worse
	ZC-based PSS maintains good PAPR if not FDMed with other signals

	PBCH demodulation
	SSS used as the reference
	Needs dedicated reference tones
	TDM provides better resource utilization

	Sensitivity to frequency offset/ phase noise
	Less 
	More
	

	Initial cell search complexity
	Comparable 
	See note 1

	Neighbor cell search complexity
(in async standalone mode)
	[bookmark: _GoBack]Worse (4X)
	Better 
	See note 1

	Frequency estimation accuracy
	Better
	Worse
	See note 2

	Receive beam selection latency  
	Better
	Worse
	See note 3



Note 1: in the TDM approach, the PSS searcher should process more samples due to higher sampling rate compared to the FDM approach. However, the larger tone spacing in the TDM approach provides more resilience to the initial CFO (carrier frequency offset) and hence a smaller number of CFO hypotheses are needed during the initial acquisition. Hence there is a trade-off between the number of time and frequency hypotheses for TDM and FDM approaches. During the neighbor cell search in async standalone mode, the CFO may not be an issue and the complexity of the searcher for TDM approach may be higher (the actual effect on the UE implementation is to be investigated).
Note 2: the specific TDM design, proposed in Figure 3, consists of 2 sub-symbols of PBCH transmitted at the beginning and the end of a nominal sync symbol. We further propose that signal transmitted within these two sub-symbols be the same (e.g. same redundancy version). This repeating structure can be used to provide a finer frequency offset estimation. 
Note 3: the sync signals can provide a reference to the UEs to refine the rx beam on the selected sub-array. That is, having multiple signals TDMed within a nominal sync symbol can reduce the latency of the rx beam selection by allowing the UE to try multiple receive beams for different sub-symbols of one nominal sync symbol.
Note 4: the small CP size of the TDM approach can increase the sensitivity to the delay spread. However at low operating SNR, the corresponding degradation is expected to be marginal. Our study results also confirm this. [2]
Note 5: transmitting the sync signals over a wider bandwidth in the TDM approach can be beneficial by providing more frequency diversity. 

Based on the above comparison, we propose to adopt the TDM approach. 
Proposal 7: The directional PSS, SSS and PBCH signals are TDMed within a nominal sync symbol, and are transmitted using the same beam. 

Synchronization signal design
In what follows, we provide our proposal for the PSS and SSS signals.

We propose the PSS signal to be based on an L-length Zadoff-Chu sequence with 3 different root indices to carry the cell-id group (similar to LTE rel-8 PSS design). Since wider bandwidth is available in a mmwave system, we can send a longer PSS sequence to provide a better timing accuracy. We note that all the root indices of a ZC sequence with a prime length have a low cross-correlation of . And the larger the ZC length L, the more orthogonal different root PSS sequences are. We hence propose to choose L=127 for the ZC length.

Proposal 8: The design of the primary sync signal is based on a Zadoff-Chu sequence with a prime length L, and three different root indices. L is proposed to be 127, and exact choice of the root indices is FFS. 

In designing the SSS signal, we take into account the following two points:
· Sharing similarities with the legacy LTE SSS design would be beneficial in terms of standardization and reusing the available algorithms and studies. 
· SSS may be used as the reference for channel estimation of the PBCH symbols. 

Considering the first point, an m-sequence based SSS signal is preferred. With respect to the second point, SSS tx bandwidth should be the same as the PBCH tx bandwidth. Also SSS must be transmitted from the same antenna ports as PBCH. The details of PBCH design are provided in the next section, and it will be discussed that PBCH transmission may support two-port transmission diversity. In this case, the SSS transmission should be able to provide channel estimation for the two ports. 

Our proposed SSS signal is based on the 62-length LTE-SSS sequence that is repeated in the frequency domain. Let  denote the LTE-SSS sequence, the proposed SSS sequence, with 124 samples, is created by repeating the LTE sequence as follows,

To support 2-layer PBCH transmission while using SSS as a pilot for PBCH channel estimation, the SSS signal transmitted from different antenna ports is first precoded. This is illustrated in Figure 4 where the half of the antenna ports (with even index) are transmitting , while the rest of antenna ports (with odd tones) are transmitting , where


The proposed transmission scheme thus provides the channel estimation for the combined channel seen from the first set of antenna ports (with even index) and the combined channel seen from the second set of antenna ports (with odd index).

Proposal 9: The design of the secondary sync signal is based on a base m-sequence, repeated and interleaved in frequency domain. The transmission of SSS signal from different antenna ports may be pre-coded to provide channel estimation for 2-port transmit diversity transmission of PBCH.


Figure 4 -- proposed SSS signal design


PBCH design and considerations
Repeating structure in time: As shown in Figure 3 TDM variant, we propose two PBCH OFDM symbols sandwiching other sync signals such as PSS/SSS.  Moreover, the two PBCH transmission are kept identical (i.e., same redundancy versions).  This is for the following reason:  
As discussed previously in the TDM design, all sync OFDM symbols use 4x wider subcarrier spacing compared to the FDM design.  This wider spacing endows sync channels some insensitivity against CFO, thus requiring fewer CFO hypothesis to be evaluated. Conversely, CFO cannot be as finely estimated from the signals at wider subcarrier spacing. But the proposed ‘sandwiching and repeating’ structure of PBCH then permits finer CFO estimation.
Transmission diversity: For good link budget and/or acquisition time, the design should support transmit diversity for PBCH. As discussed in section 2.6, SSS can be repurposed to provide phase reference for upto 2 ports, therefore SFBC with two ports can be supported without additional DMRS overhead.  For more than 2-port diversity, the resource overhead of DMRS has to be evaluated to determine if further improvement in link budget is achievable. 
Proposal 10: The design should support PBCH transmit diversity with upto P ports. P=2 is supported. Whether P>2 is FFS.

Soft combining of PBCH within a burst: As discussed above, PBCH (alongside other sync signals) is transmitted in a burst containing multiple transmission in possibly different beamformed directions. Then depending on the beam pattern and UE location, the UE can detect multiple transmissions in a burst but each one too faint to decode PBCH on its own.  Therefore, it will be preferable if the design permits the UE to combine PBCH from multiple transmissions within a burst.  Such a design would also permit BS to have more flexibility in choosing the beam sweeping pattern. E.g., at one extreme, the BS may choose the same pseudo-omni beams for many/all of the nominal sync symbols; or BS may choose only a coarse set of beams where the UE residing in between the two beams benefits from combining PBCH.
Proposal 11: The design should permit combining of PBCH from multiple transmissions within a burst.
In addition to combining within a burst, the UE would also be able to combine PBCH transmitted at beam sweep periodicity, Z, discussed in section 2.3, assuming PBCH payload doesn’t change for at least 2Z period. 


Conclusions
In this contribution, we discussed different aspects of the synchronization in a mmwave system and proposed the following,

Proposal 1: The design should allow base stations to sweep beams during synchronization and random access period.
Proposal 2: The transmission of sync signals is limited to the minimum supportable bandwidth. The value of the minimum supportable bandwidth is FFS (example: 40MHz).
Proposal 3: No data/control channel is frequency-multiplexed with the sync transmission. 
Proposal 4: Every X msec, Y msec worth of resources are allocated for the transmission of a synchronization burst. Each synchronization burst consists of N nominal sync signals. The exact values of X, Y and N are FFS (example: X=5, Y=0.25, N=14).
Proposal 5: The max sync (beam sweep) periodicity Z is known by the UEs. The exact value of Z is FFS (example: sync periodicity = sync resource periodicity: Z=X=5 [msec]).
Proposal 6: BS needs to convey alongside the sync signals the OFDM symbol index (or another suitable notion of transmission time) of the transmission.
Proposal 7: The directional PSS, SSS and PBCH signals are TDMed within a nominal sync symbol, and are transmitted using the same beam. 
Proposal 8: The design of the primary sync signal is based on a Zadoff-Chu sequence with a prime length L, and three different root indices. L is proposed to be 127, and exact choice of the root indices is FFS. 
Proposal 9: The design of the secondary sync signal is based on a base m-sequence, repeated and interleaved in frequency domain. The transmission of SSS signal from different antenna ports may be pre-coded to provide channel estimation for 2-layer PBCH decoding.
Proposal 10: The design should support PBCH transmit diversity with upto P ports. P=2 is supported. Whether P>2 is FFS.
Proposal 11: The design should permit combining of PBCH from multiple transmissions within a burst.
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