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1. Introduction
It was agreed, at the RACH session during the RAN1-RAN2 joint meeting in Athens, that RAN1 should study the need and means for keeping the UE uplink time synchronized. Furthermore, at the last RAN1 LTE Ad Hoc meeting several open issues regarding the uplink time synchronization were identified including the questions:

· how to maintain synchronization,
· how often to send a signal used to track TA,
· shall synchronized random access be used for Time Alignment Control.
This paper firstly outlines the requirements on uplink time synchronization and transition delays, then various aspects of uplink time synchronization are discussed, and finally some conclusions are drawn.
2. Requirements
Table 1 summarizes means and E-UTRA requirements on time synchronization, state transitions delay and the number of users in the LTE RRC protocol states.
	RRC Protocol State
	# of supported users in 5 MHz BW
	Transition delay [ms]
	UL Sync. required?
	Means of UL synchronization



	RRC_Idle
	>200 [1]
	<100 ms to RRC_Connected [1]
	No
	Non-synchronized RACH for state transition (multi-step TAC)

	RRC_Connected
	Active
	200 [1]
	N/A
	Required
	1. Based on UL RS/data
2. Non-synchronized RACH e.g. during non- synchronized handover 

	
	Dormant
	>200 [1]
	<50 ms to Active [1]
	May be required
	1. Non-synchronized RACH

2. Other uplink signals


Table 1 Requirements and means of UL time synchronization

From the RRC protocol state point of view:

· RRC_Idle UEs - are not required to be UL time synchronized, idle UEs can be configured with a DRX cycle [2]. The contention-based, non-synchronized RACH is used to get a timing advance (TA) during a state transition,

· RRC_Connected:
· Active UEs – transmit/receive data on the UL/DL-SCH. Active UEs are required to be UL time synchronized, the timing drift can be estimated based on the UL reference signal or UL control/data channels and, if needed, adjusted by preferably a binary, relative Time Alignment Control (TAC), whose step size and update rate could be adjusted from time to time by the network according to the deployment requirements.
· Dormant UEs – are neither active on the DL-SCH nor on the UL-SCH. Theses UEs can be configured with DTX/DRX cycles [2].
3. Discussion
Figure 1 shows an example of uplink timing drifts due to propagation delay changes, and a graphical example of a maximum timing margin. In [3], it was suggested that the timing margin can be 1 μs; however, in [4], it was shown that the one-way timing margin should be 0.5 μs. These two assumptions, together with the assumption that a certain point of DL timing is the reference for UEs uplink timing, lead to the worst case Time Alignment Control period/time when synchronization is lost of ~1 s and ~0.5 s respectively (for the UE velocity of 500 km/h pointing at/away from the Node B).
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Figure 1 Timing margin and uplink timing drift
Contribution [5] noted that the UL CP ideally would be longer than the DL one to account for non-perfect timing advance. From the inter-symbol interference point of view, as can be seen in Figure 1, such a possible extension is only relevant to the CP dividing different users (1st CP in a sub-frame). A timing drift does not change the relative timing between DFT-SOFDM symbols of the same user. From the detection point of view, the timing misalignment between several UEs transmitting simultaneously (frequency multiplexed) should be less than the CP duration in order to be able to process the UEs signals with a single FFT without severe performance degradation and to avoid inter-sub-carrier interference, as shown in Figure 2. From this perspective the maximum timing margin should be below half a CP length.
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Figure 2 Timing misalignment between FDM users

The UE and E-UTRAN must have a common, unambiguous view on the UE’s uplink time synchronization status. 

3.1. Uplink time synchronization of RRC_Connected, Dormant UEs

The following options, with respect to UL synchronization of RRC_Connected, Dormant users, can be considered:

1. RRC_Connected, Dormant UEs (i.e. inactive) are not time alignment controlled

2. RRC_Connected, Dormant UEs are time alignment controlled

3. Some of the RRC_Connected, Dormant UEs are time alignment controlled

Option (1) requires no resources to be reserved for the inactive users; however, when temporary inactivity is terminated, the non-synchronized RACH must be used for the TA update. Furthermore, the usage of the contention-based RACH implies additional latency and inter-cell interference due to the open loop power control inaccuracy and collision risk. The additional load on the RACH channel translates into a higher collision probability/delay or into more resources allocated to the contention-based non-synchronized RACH.
Option (2) gives the shortest reactivation delay, but additional resources must be allocated to keep each inactive UE time synchronized.

In option (3), a hybrid of the two above, one group of the inactive UEs is uplink time synchronized and the other group is not. Assignment to each group can be based on the service type and/or on the duration of inactivity. For example UEs with delay-sensitive services are kept time synchronized while UEs with delay-tolerant services are allowed to go out of sync (possibly after a certain period of inactivity).
Based on the above discussion, we propose to use option (3). That option gives E-UTRAN the possibility to minimize the reactivation delay depending on the service type. Furthermore, the amount of resources used to maintain synchronization can be controlled by the length of time in which dormant UEs are kept synchronized. Otherwise, if L1 of E-UTRAN does not support time synchronization of inactive users, synchronized random access will not be really necessary, because it is only used when the UE has no UL resources and its UL is time synchronized.
Some methods for maintaining Time Alignment Control of RRC_Connected, Dormant UEs include:

4. Periodic transmission of non-synchronized (or synchronized) random access bursts (contention-based)
· Method (1) would be inefficient because of unnecessary guard times, collision risks, and the necessity to allocate more contention-based RACH resources to support the additional load.
5. Periodic transmission of uplink sounding reference signals and DL CQI reports (contention-free)
· Method (2) seems more efficient and can be considered for short inactivity periods, when instantaneous DL/UL channel state information is required at the scheduler. However, CQI reports and sounding reference signals may introduce unnecessary overhead when the instantaneous DL/UL channel state is not required.
6. Periodic transmission of synchronized, low-overhead uplink signals e.g. dummy synchronized random access bursts or reference signals (contention-free)
· Method (3) seems preferable for maintaining uplink synchronization for longer inactivity periods of dormant UEs. In this case, up-to-date channel state information, from sounding reference signals/CQI reports, is not required for instantaneous transmission/scheduling (at least not at a high duty cycle); and the UE can be configured with DTX/DRX cycles [2]. The time interval of such uplink bursts should be configured according to the allowed timing drift between timing advance (TA) adjustments so that the Time Alignment Control algorithm can be binary.
· Furthermore, the synchronization bursts can reuse the design of synchronized random access bursts or uplink reference signals, because the time synchronization is maintained and no guard time is required for theses signals. No additional information needs to be contained in the dummy bursts, because they are used only for time synchronization (power control). Since they are transmitted by the UE on predefined TDM/FDM (or TDM/FDM and code) resources, no UE ID is transmitted. In such a case, if the synchronized RACH structure proposed in [6] is adopted and also used as the dummy synchronized RACH burst, such a burst with no message part would be a preamble/pilot only.
3.2. Uplink time synchronization of RRC_Connected UEs in various propagation conditions

In realistic radio environments, two extreme propagation conditions can be distinguished which should be considered in designing an appropriate uplink Time Alignment Control algorithm:
1. Negligible or no changes (below the maximum timing margin) in the uplink timing drift at the Node B during a time adjustment interval - due to low UE velocity or small cell ranges (e.g. pico cells),
2. Rapid and considerable changes (above the maximum timing margin) in the uplink timing drift at the Node B during a time adjustment interval - due to e.g. Birth-Death propagation conditions [7], as shown in Figure 3.
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Figure 3 Birth-Death propagation conditions
In Scenario (1), the interval of binary TAC can be reconfigured (extended), to reduce the downlink overhead due to the DL commands and to avoid unnecessary UE uplink timing changes. However, such an adaptation requires a velocity estimation algorithm as well as higher layer Node B-UE signalling. Therefore, we propose to change binary TAC to a ternary Time Alignment Control algorithm. In ternary TAC, the command may take three values e.g. ‘advance’, ‘hold’ and ‘retract’ TX timing. In comparison to binary TAC, ternary TAC provides the following advantages:
· Interval of timing adjustments is changed automatically according to the network timing measurements and ternary commands – no higher layer reconfiguration is required,
· No need for a velocity estimation algorithm,
· Unnecessary uplink timing change are avoided,
· If DTX is used to signal ‘hold’ TX timing, only one information bit per command is required, as in binary TAC, furthermore, inter-cell interference due to the most probable value of a command is reduced.

In Scenario (2), the maximum uplink timing margin is considerably exceeded at the Node B. The timing misalignment can not be compensated by one binary/ternary TAC command, therefore, severe inter-user interference are injected; also, demodulation performance of frequency domain multiplexed users can be degraded. These undesirable effects can be mitigated in the following way:
· Node B detects that the uplink timing misalignment exceeds a threshold (e.g. above the maximum uplink timing margin), 

· Node B sends a multi-step TAC command and/or informs the UE about the out of sync detection (threw would be no need for new multi-step commands since the non-synchronized RACH feedback commands can be reused),

· UE executes the command (adjusts the TX timing) or goes out of sync (e.g. depending on the service type).
4. Conclusion
In this document, we have discussed various aspects of E-UTRA uplink time synchronization. For a simple and robust design we propose that:

· L1 enables uplink time synchronization of RRC_Connected, Dormant UEs depending on the service type/inactivity duration.

· No additional uplink signals need to be defined, periodic transmission of reference signals or synchronized random access bursts and binary Time Alignment Control are feasible for tracking and compensating for UL timing drifts of RRC_Connected, Dormant users.

· RRC_Connected, Active users’ synchronization is maintained by means of a binary Time Alignment Control signal based on reference signal measurements by the network.
· For an efficient and robust Time Alignment Control behavior in various realistic radio propagation conditions ternary TAC as well as Birth-Death detection and countermeasures should be considered.
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