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1 Background
It was agreed that at least one new carrier type will be introduced in Rel-11 with at least reduced or eliminated legacy control signalling and/or CRS. This new carrier type is associated with a backward compatible carrier, and issues of synchronisation/tracking (including whether or not PSS/SSS are transmitted) should be studied further [1]. In RAN1 #67, it was concluded design of the new carrier type shall provide support for operation in synchronized and unsynchronized carriers [2]. This contribution addresses the synchronization issue in the new carrier type when it is unsynchronized with the backward compatible carrier. 
2 Discussion
The synchronization operation is composed of two steps, i.e. acquisition and tracking, where the objective of the former is to establish subcarrier orthogonality as fast and accurately as possible, and the latter maintains orthogonality as well as possible at all times during online reception. In a backward compatible carrier, acquisition is performed based on PSS/SSS, and tracking is by means of CRS. When the backward compatible and additional carriers are unsynchronized, separate synchronization/tracking are needed in the UE receiver for the two carriers. In the additional carrier, acquisition can be also based on PSS/SSS as the technique of using PSS/SSS for acquisition is very mature and the overhead of PSS/SSS is quite low.  

Proposal 1: When the backward compatible and additional carriers are unsynchronized, PSS/SSS are transmitted in the additional carrier, and acquisition of the additional carrier is based on PSS/SSS. 
The goal of this contribution is to study what reference signal is to be used for tracking. We will first derive the signal model owing to imperfect acquisition and then design the tracking algorithm based on the signal model.
2.1 Signal model
Consider an OFDM system in which N-point FFT/IFFT is used. In the l-th OFDM symbol, the cyclic prefix (CP) has a duration of Tg,l (composed of Ng,l samples if without oversampling), and an OFDM symbol (CP plus the useful part) has a duration of Ts,l = Tg,l + Tu (equal to Ns,l = Ng,l + N samples). We denote by f the carrier frequency offset between the eNB and UE and by  the sampling clock frequency offset after acquisition. Specifically,  = (T’－T)/T, where T = Tu / N is the correct sampling period, and T’ is the sampling period performed by the UE.

According to [3], in the absence of ISI (correct timing synchronization), demodulating the l-th OFDM symbol via FFT yields 
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where the notations are
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 the demodulated symbol of the k-th subcarrier in the l-th OFDM symbol with 
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 the transmitted symbol of the k-th subcarrier in the l-th OFDM symbol,
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 the frequency response of the k-th subcarrier in the l-th OFDM symbol, 
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the noise representing the contribution from the irreducible ICI.
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Figure 1: Examples of CRS and CSI-RS patterns

2.2 Frequency tracking algorithm 
2.2.1 Tracking based on CSI-RS

The frequency tracking algorithm, i.e. estimation and compensation for f, can exploit the phases of zl,k’s [4]. Figure 1 illustrates the patterns of CRS and CSI-RS. The observation below is straightforward: 

Observation 1: The density of CRS REs is much higher than that of CSI-RS. This yields a larger number of observations in estimating tracking related parameters when CRS based tracking is used.  
Consider frequency tracking based on CSI-RS. For some subcarriers, two consecutive REs in the time domain carry the RS. We can use the product xl,k = (zl,k /al,k)(zl-1,k /al-1,k)* to estimate f and  for adjacent REs (l,k) and (l(1,k) containing CSI-RS Mathematically, we have
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where approximation 
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 is used. Let C1 denote the set of CSI-RS REs for which the subcarrier indices 
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where (1|2) denotes 1 for C1 and 2 for C2.
2.2.2 Tracking based on CRS

From Figure 1(a), the CRS are not consecutive in both the time and frequency domains. When the CRS is used for tracking, we can compute yl,k = (zl,k /al,k)(zl-3,k(3 /al-3,k(3)* or yl,k = (zl,k /al,k)(zl-4,k(3 /al-4,k(3)* and use a similar algorithm as that in the CSI-RS case to estimate f. However, the approximation 
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adopted in the CSI-RS case is no longer applicable, and this leads to an irreducible phase error in yl,k due to the phase difference between the frequency responses in the two subcarriers. This phase error results in a performance loss of the tracking algorithm. We have the following observation:

Observation 2: Consecutive REs in the time domain of the CSI-RS pattern is beneficial for frequency tracking.
2.3 Time tracking algorithm 
The algorithm considered here requires that sampling and carrier frequency are already synchronized. In [5], the following synchronization metric based on the maximum likelihood (ML) principle has been derived:
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where the FFT window contains samples in [ntr, ntr+N(1], and P is the set of REs bearing RSs, and
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is the estimated frequency response. All variables are functions of ntr since they change as the FFT window position changes. Minimizing T(ntr) with respect to the trial window position ntr yields an estimate for the number of samples the window position has to be corrected. It is seen that the computation of T(ntr) does not require a particular structure of the RS pattern as in the case of the frequency tracking. Thus, when the ML estimate for ntr is used, none of CSI-RS and CRS is superior to the other for the time-domain tracking except that the higher density of CRS than CSI-RS speeds up tracking. 
Observation 3: For ML estimate of ntr, there is no differentiation of CSI-RS and CRS patterns for time-domain tracking except that the higher density of CRS than CSI-RS speeds up tracking.

2.4 Simulation Results
The simulation assumptions are given in TABLE 1.

TABLE 1: Simulation assumptions

	Parameter
	Value

	System bandwidth
	{1.4, 10} MHz

	Carrier frequency
	2 GHz

	Channel profile 
	ETU

	Vehicular speed
	100 km/hr ((180 Hz Doppler spread)

	Initial frequency uncertainty (f)
	Uniform in (500 Hz

	Sampling clock frequecy offset ()
	Uniform in (0.0001

	RS used
	CRS and CSI-RS

	Number of antenna ports
	1 for both CRS and CSI-RS

	Number of measured subframes
	1.4 MHz bandwidth: 16 for CRS; 256 for CSI-RS

	
	10 MHz bandwidth: 2 for CRS; 32 for CSI-RS

	SNR
	{-8, 10} dB 

	Oversampling rate
	2
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	Figure 2: Illustration of the computation of yk,l in CRS based tracking


In the simulation assumptions, the number of measured subframes for CRS and CSI-RS are 2 and 32, respectively, for 10 MHz system bandwidth. The ratio 16 (= 32 / 2) for the number of measured subframes for CSI-RS and CRS is because the density of CRS is 16 times that of CSI-RS. It is shown in Figure 2 that, for each PRB pair, there are 8 chances to compute yl,k; moreover, the number of CRS REs in an OFDM symbol (1 per 6 subcarriers) is twice of the number of CSI-RS REs in an OFDM symbol (1 per 12 subcarriers). The number of measured subframes in 1.4 MHz (16 for CRS; 256 for CSI-RS) is 8 times of the measured subframes in 10 MHz since the ratio of the RB numbers in the frequency domain is roughly 8 (( 50/6). 
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	Figure 3: Performance of tracking of f based on CSI-RS and CRS for 1.4 MHz bandwidth
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	Figure 4: Performance of tracking of f based on CSI-RS and CRS for 10 MHz bandwidth


The simulation result in terms of the CDF of the absolute value of the residual frequency error, i.e.
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, is depicted in Figure 3 for 1.4 MHz system bandwidth. It is seen, when SNR = 10 dB, the performance of tracking based on CRS is inferior to that based on CSI-RS. This is attributable to the irreducible phase error in yl,k = (zl,k /al,k)(zl-3,k(3 /al-3,k(3)* in the CRS based tracking due to the phase difference between the frequency responses in zl,k and zl-3,k(3. When SNR = (8 dB, CRS based tracking outperforms the other. The diamond pattern of CRS has advantages in noise suppression when performing tracking. The performance differentiation between SNR = 10 and (8 dB is quite large, which demonstrates the sensitivity of the tracking performance to the noise level. The muting mechanism of CSI-RS enables a lower interference level than CRS, which is beneficial for the tracking performance. 
The simulation result for system bandwidth of 10 MHz is given in Figure 4; the number of measured subframes is 8 times of that for Figure 3. When SNR = 10 dB, similar to the case of 1.4 MHz, the performance based on CSI-RS is superior to that based on CRS. When SNR = (8 dB, the CRS based tracking outperforms the CSI-RS based method. Compare the results in Figures 3 and 4, it is seen the tracking performance is almost the same because the number of observations in the two figures are roughly the same. It can be inferred that the performance loss due to the less dense CSI-RS pattern than CRS can be compensated by a longer observation period. 
2.5 Remarks
From the analysis and simulation results, our view is both CSI-RS and CRS can be used for tracking, and each of them has its own advantages:  
Advantage of CRS:
· High density: At least 80 (= 16 × 5) times higher than CSI-RS (for 5 msec CSI-RS periodicity), shorter time to achieve tracking, beneficial especially for small bandwidth.
Advantages of CSI-RS:
· Negligible phase error when xl,k = (zl,k /al,k)(zl-1,k /al-1,k)* is used to estimate f and 
· Lower noise level due to CSI-RS muting mechanism: The CSI-RS muting pattern of neighbor cells can avoid colliding with the CSI-RS transmission of the current cell to improve the measurement quality. On the other hand, CRS transmission of the current cell may collide with PDSCH or CRS of neighbor cells.
· Less phase ambiguity problem: In CSI-RS based tracking,
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while in CRS based tracking, 
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The phase of yl,k may be out of the range of [(, ], which results in a phase ambiguity problem, especially for a larger value of k in a large system bandwidth and initial frequency error f. Some post processing can be adopted to compensate for phase ambiguity.
We have the following observation and proposal:

Observation 4: Both CSI-RS and CRS can be used for tracking, and each of them has its own advantages.
Proposal 2: For CSI-RS to be used for tracking in the additional carrier type, it is beneficial if the RS density is increased, e.g. allowing a shorter periodicity of CSI-RS transmission, or allowing a UE to measure dual or more CSI-RS patterns. 
3 Conclusion

In this contribution, we studied the tracking problems in the new carrier type when it is unsynchronized with the backward compatible carrier. The signal model considering imperfect acquisition was derived, and tracking algorithms based on CRS and CSI-RS were proposed. The observations and proposals in this contribution are summarized:
Observation 1: The density of CRS REs is much higher than that of CSI-RS. This yields a larger number of observations in estimating tracking related parameters when CRS based tracking is used.  

Observation 2: Consecutive REs in the time domain of the CSI-RS pattern is beneficial for frequency tracking.
Observation 3: For ML estimate of ntr, there is no differentiation of CSI-RS and CRS patterns for time-domain tracking except that the higher density of CRS than CSI-RS speeds up tracking.

Observation 4: Both CSI-RS and CRS can be used for tracking, and each of them has its own advantages.
Proposal 1: When the backward compatible and additional carriers are unsynchronized, PSS/SSS are transmitted in the additional carrier, and acquisition of the additional carrier is based on PSS/SSS. 
Proposal 2: For CSI-RS to be used for tracking in the additional carrier type, it is beneficial if the RS density is increased, e.g. allowing a shorter periodicity of CSI-RS transmission, or allowing a UE to measure dual or more CSI-RS patterns.
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