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1. Introduction

For non-CA based HetNet deployments, interference on DL control channels (i.e., PDCCH/PCFICH/PHICH, PBCH, and SCH) from neighboring eNB/HeNB transmission can potentially be an issue. For non-CA based HeNB deployments, time shifting at symbol level has been proposed as a candidate solution in Section 9A.2.2 36.814, (and also Section 7.2.1.1 of [1]) for DL control interference mitigation for FDD. For TDD HeNB deployments on the other hand, it has always been assumed that absolute frame time synchronization for HeNBs (relative to the macro-network) is necessary for UL-DL interference avoidance. It has been argued that the time shifting method is not applicable to TDD as it violates the perceived need for absolute frame time synchronization. In this contribution, we show that

1. Time shifting method is also applicable to TDD when used with UL timing advance, and

2. Absolute frame time synchronization can be extended to allow for integer symbol offset on the DL while simultaneously avoiding the UL-DL interference problem in TDD.

Note that the time-shifting based interference mitigation has been discussed for FDD ([4]) and this contribution extends the symbol-level offsets to TDD (A similar time-shift for TDD was proposed in the context of Relays in R1-094449 [5]). The proposed approach is also applicable to pico-eNB and other heterogeneous deployments.
2. Symbol Shifting together UL Timing Advance

The proposal comprises the following two procedures.

Step 1. The HeNB DL transmission is time shifted by s subframes plus k OFDM symbols relative to macro-eNB DL transmission (identical to the proposal in Section 7.2.1.1 of [1])

Step 2. An excess
 UL timing advance (TA) equal to l OFDM symbols is applied to the HUEs (i.e., UEs connected to HeNBs) so that the UL subframes for both macro-UEs and HUEs are approximately time aligned. 

These steps are illustrated with two examples below.

Example 1 

First consider TDD Configuration 2 (DSUDD – 5 ms DL-UL switch-point periodicity) with special subframe configuration 0 and n=2 DL control symbols 
 in all subframes (for both macro-eNB and HeNB) as shown in Fig. 1. The HeNB DL is time shifted by k = 4 OFDM symbols (Step 1) followed by the application of an excess TA of l = k = 4 OFDM symbols (Step 2). 

As a result of the second step, the UL frame timing of transmissions from macro-UEs and HUEs are approximately time aligned as observed from macro-eNB/HeNB receiver. This results in no time overlap between macro-eNB and HeNB PDCCH/PCFICH/PHICH symbols. In addition, the HeNB’s SCH and special subframe PDCCH/PCFICH/PHICH experience no interference from the macro-eNB since they overlap with the macro-eNB guard period.

Transmit power attenuation (or muting) can be carried out at RB-level granularity selectively on some OFDM symbols to mitigate interference from macro-eNB transmission to HeNB UE. For example, with respect to the configuration in Fig. 1, the macro-eNB can attenuate the center 6 PRBs on symbols 11 and 12 of subframe 0 and in addition, reduce the PDCCH loading in subframe 1 to ensure that interference to HeNB PBCH is mitigated. The macro-eNB can also reduce power on all RBs (or only the common RBs in case the HeNB transmission BW is smaller than that for the macro-eNB) in symbols 4 and 5 in all DL subframes to mitigate interference to HeNB PDCCH/PCFICH/PHICH. 

Other variations of the example in Fig. 1 are possible. For example, time shifting by k = 5 OFDM symbols together with the restriction that the macro-eNB’s special subframe must have n = 1 OFDM symbol (see Fig. 4 in Annex B) results in no overlap between macro-eNB and HeNB PDCCH/PCFICH/PHICH as before. Also, HeNB’s PDCCH/PCFICH/PHICH in the special subframe and SCH experience no interference from the macro-eNB. However, the macro-eNB S-SCH and first control symbol in the special subframe overlap with second and third symbols of HeNB’s PBCH respectively. The macro-eNB can reduce power (or mute REs) in symbols 4 and 5 in all DL subframes to mitigate interference to HeNB’s PDCCH/PCFICH/PHICH. In addition, the macro-eNB can avoid scheduling PDSCH over the center 6 PRBs of symbol 1 in the special subframe to mitigate interference to HeNB’s PBCH (last symbol).
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Figure 1 – Time shifting by k = 4 followed by excess UL TA equal to l = 4

Example 2 

Consider TDD configuration 1 (DSUUD – 5 ms DL/UL switch-point periodicity) 0 and n = 2 DL control symbols in all subframes (for both macro-eNB and HeNB as before) as shown in Fig. 2. HeNB DL frame timing is shifted by s = 5 subframes plus k = 2 symbols. 

This results in no overlap of macro-eNB’s and HeNB’s PBCH and SCH regions. The HeNB’s special subframe 2nd control symbol and P-SCH do not experience macro-eNB interference since they overlap with the macro-eNB guard period. However, HeNB’s first control symbol overlaps with macro-eNB’s P-SCH on the center 6 PRBs. This approach (s = 5 subframes plus k symbol shifting) is applicable to TDD configuration 0 and 2 as well. This can also be applied to TDD configuration 6 with some DL/UL scheduling restrictions on subframes 4 and 9 for either macro-eNB or HeNB or both.  The macro-eNB can reduce power (or mute REs) in symbols 2 and 3 in all DL subframes to mitigate interference to HeNB PDCCH/PCFICH/PHICH. 

One variation of Fig. 2 can be obtained by using n = 1 control symbol in the macro-eNB special subframe. The macro-eNB can skip scheduling PDSCH over the center 6 PRBs of symbol 1 in the special subframe to avoid interfering with HeNB’s P-SCH. This way, there is no interference to HeNB P/S-SCH from macro-eNB transmission.
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                                              Figure 2 – Time shifting by s = 5 plus k = 2 followed by excess UL TA equal to l = 2
To a first order approximation, for a UE attached to HeNB, step 2) results in a UL timing advance approximately equal to (HeNB-UE propagation delay + k*TOFDM-SYMBOL), where TOFDM-SYMBOL is one OFDM symbol duration. This reduces the effective guard period in the special subframe to 

GP’ = GP - k* TOFDM-SYMBOL.
Therefore, in order that there is sufficient time for UE Rx-Tx switching and eNB UL-DL switching, the effective guard period must satisfy

GP’ > 2*THeNB-PROPAGATION-MAX + UE Rx-Tx switching delay + eNB DL-UL switch delay,

where 

THeNB-PROPAGATION-MAX is the maximum HeNB-UE propagation delay,

UE Rx-Tx switching delay = 20 us, and

eNB DL-UL switch delay = 20 us. 

As long as GP’ is greater than or equal to 1 OFDM symbol duration, this method 

a) can be used with multiple special subframe configurations in combination with various values of k (thereby allowing for different combinations of PDCCH/PCFICH/PHICH and PBCH/SCH overlap between macro-eNB and HeNB), and

b) allows for a maximum cell radius of 4.65 km [= (71 – 20 – 20)x1E-6*3e8/2] which is sufficiently large for all pico-eNB deployments.

The UL TA applied to a UE typically is approximately equal to two times the eNB-UE propagation delay relative to a certain target UL timing reference (as observed at the eNB receiver). Since step 1) results in UL timing also being shifted by k OFDM symbols as UL timing is tied to the first path of received DL signal at the UE, an excess (or incremental) TA is necessary to counteract the effect of step 1). This is precisely accomplished by step 2) by the HeNB when a UL TA approximately equal to two times the HeNB-UE propagation delay plus k*TOFDM-SYMBOL is applied to the UE. This behavior can be specified as a HeNB requirement (in RAN4) as further elaborated in Section 4.

3. UL-DL Interference and Need for Absolute Time Synchronization
It has been argued that absolute time synchronization (i.e., condition that DL/UL frame timing of all nodes in a network are aligned) is essential for heterogeneous TDD deployments. If DL/UL frame timing is not aligned, UL transmission from one node (UE) can interfere with DL transmission from another node (eNB) and vice-versa.

In this section, we show that absolute synchronization can be generalized to allow for integer symbol offsets while avoiding UL/DL interference. Typically, when the frame timing between two adjacent eNBs in a TDD network is misaligned, two interference scenarios arise:

i) UL (eNB1) interferes with DL (eNB2) at UL-DL transition

ii) DL (eNB1) interferes with UL (eNB2) in the special subframe if the misalignment exceeds the GP,

even when we assume that the frame timing misalignment between eNB1 and eNB2 does not exceed 1 ms. 

However, the end result of Step 1) and Step 2) is a frame timing diagram as shown in Fig. 3.
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Figure 3 – Avoidance of UL/DL interference

Due to the fact that the UL is aligned between eNB1 and eNB2 due to Step 2), problem i) above is avoided. The criterion GP’ > 0 ensures that the amount of time shifting for the DL is small enough to leave a sufficiently long effective guard period, thereby avoiding problem ii) as well. 

Therefore, the requirement that the network must implement absolute time synchronization between macro-eNBs and HeNBs is not necessary if the proposal in this contribution is agreed upon. The next section discusses potential RAN4 specification impact analysis with regards the synchronization accuracy requirements. 

4. RAN4 Specification Impact Analysis

RAN4 specification and [2] have assumed that the maximum time difference between macro network and HeNB frame timing is less than 3 us (+ propagation delay between macro-eNB and HeNB) thus requiring absolute time synchronization. However, this can be easily generalized to include the integer symbol time offsets in the DL by modifying the cell phase synchronization accuracy requirements in Section 7 of [3]. An example text proposal is provided in the Annex A. 

As per the proposed modification, the HeNB DL shall be time shifted by TOFDM(k) relative to the macro-eNB DL. The error associated with this time shift is upper bounded by 3 us (+ propagation delay between macro-eNB and HeNB). Here TOFDM(k) is the duration of first k OFDM symbols in a subframe. For extended CP, TOFDM(k) = k*Tsym duration, where Tsym duration is one OFDM symbol duration.

In other words, the requirement 

|Tmacro-eNB + TOFDM(k) –  THeNB| <  3 us (+ propagation delay between macro-eNB and HeNB)

shall be met, where 

Tmacro-eNB is the macro-eNB frame timing relative to a time reference, and

THeNB is the HeNB frame timing relative to the same time reference.
In addition, the HeNB shall apply a uplink timing advance value that is at least TOFDM(k modulo M) where M = 14 for normal CP and M = 12 for extended CP. Note that (k modulo M) corresponds to the excess UL TA in integer number of OFDM symbols that needs to be applied so that HeNB and macro-eNB uplink can be time aligned.

Absolute time synchronization is a special case of this modified requirement when we set k = 0 as TOFDM(k) = 0. Therefore, this modification to the cell phase synchronization requirement can be viewed as a generalization of the absolute time synchronization requirement.
5. Conclusions

 In this contribution, it was demonstrated that DL symbol shifting, proposed originally for heterogeneous FDD deployments, is also applicable to TDD and has no UE impact. The following techniques allow for eICIC based on symbol shifting for TDD. 

· The DL frame timing of a HeNB is shifted by an integer number of OFDM symbols relative to macro-eNB frame timing allowing for no overlap between control regions of the Macro and HeNB and allowing partial overlap for PBCH/SCH. 

· For symmetric DL-UL configurations with 5 ms periodicity (i.e., TDD configurations 0, 1, 2), the HeNB timing can be shifted by 5 subframes plus an integer number of OFDM symbols to achieve no overlap for both control and PBCH/SCH regions. 

· Together with selective scheduling and/or selective power attenuation (or muting) at RB-level granularity, the proposed method can be an effective eICIC candidate that is commonly applicable to both FDD and TDD.
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Annex A – Example Text Proposal to TS 36.133

<First section with changes>
7.4
Cell phase synchronization accuracy (TDD)

7.4.1
Definition

Cell phase synchronization accuracy is defined as the maximum absolute deviation in frame start timing between any pair of cells on the same frequency that have overlapping coverage areas.

7.4.2
Minimum requirements applicable to wide area BS

For Wide Area BS, the cell phase synchronization accuracy measured at BS antenna connectors shall be better than the requirement specified in table 7.4.2-1. If a cell’s coverage area overlaps with another cell with different cell radius then the cell phase synchronization accuracy corresponding to the larger of the two cell sizes applies to the overlapping cells with different radii. 
Table 7.4.2-1  Cell phase synchronization requirement for wide area BS (TDD)
	Cell Type
	Cell Radius
	Requirement 

	Small cell
	( 3 km
	( 3 (s

	Large cell
	> 3 km
	( 10 (s


7.4.3
Minimum requirements applicable to Home BS in relation to Wide area BS
The cell synchronization timing measured at the BS antenna connector for a Home BS shall be time shifted by TOFDM(k) relative to the cell synchronization timing measured at the BS antenna connector for the wide area BS if the Home BS and the wide area BS have overlapping coverage. The phase synchronization error associated with this time shifting is specified in Table 7.4.2-2. 
In other words,  |TWide area BS + TOFDM(k) –  THome BS| shall be less than the cell phase synchronization error specified in Table 7.4.2-2, where 

TWide area BS is the Wide area BS frame timing relative to a time reference,

THome BS is the Home BS frame timing relative to the same time reference, and

TOFDM(k) is duration of the first k OFDM symbols in a radio frame.

If a cell’s coverage area overlaps with another cell with different cell radius then the cell phase synchronization accuracy corresponding to the larger of the two cell sizes applies to the overlapping cells with different radii. 

The Home BS shall apply a uplink timing advance value that is at least TOFDM(k modulo M) where M = 14 for normal CP and M = 12 for extended CP.
Table 7.4.2-2  Phase synchronization error

	Cell Type
	Cell Radius
	Requirement 

	Small cell
	( 3 km
	( 3 (s

	Large cell
	> 3 km
	(1.33 + Tpropagation (s


Note 1: 
Tpropagation is the propagation delay between the Home BS and the cell selected as the network listening synchronization source. In terms of the network listening synchronization source selection, the best accurate synchronization source to GNSS should be selected.

Note 2: 
If the Home BS obtains synchronization without using network listening, the small cell requirement applies.
Table 7.4.2-3  Offset applicable to different TDD configurations
	Uplink-downlink 

configuration
	k offset (in number of OFDM symbols)

	
	

	0
	0, 1, 2, 3, 4, 71, 72, [Note 1]

	1
	0, 1, 2, 3, 4, 71, [Note 1]

	2
	0, 1, 2, 3, 4, 71, [Note 1]

	3
	0, 1, 2, 3, 4, [Note 1]

	4
	0, 1, 2, 3, 4, [Note 1]

	5
	0, 1, 2, 3, 4, [Note 1]

	6
	0, 1, 2, 3, 4, [Note 1]


Note 1: Allowed values for k depends both on the UL-DL configuration and on the special subframe configuration. Other values of k are TBD.
7. Annex B 
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Figure 4 – Time shifting by s = 0, k = 5 followed by UL TA equal to l = 5

� Excess refers to the extra UL TA necessary to counteract the effect of DL time shift by k OFDM symbols to maintain UL timing alignment between different base stations and avoid UL-DL interference problem. This is explained later.


� Note the ‘n’ is CFI indicated via PCFICH.  That is, ‘n’ is control region size in downlink OFDM symbols.
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