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Discussion
1
Scope

In RAN1#62, it was agreed to extend the R8 cell-specific symbol-level time-domain cyclic shift hopping to PUCCH Format 3 for randomization of inter-cell interference [1].
In this contribution, we evaluate the impact of inter-cell interference for R10 PUCCH Format 3 when compared to the approach taken for R8 PUCCH Format 1 and 2.
2
Introduction
LTE R8 supports several mechanisms to randomize both intra-cell and inter-cell interference for PUCCH Format 1 and 2 transmissions.

In order to allow for intra-cell interference randomization, slot-level remapping is applied to both the cyclic time shift, and to the orthogonal cover code. The goal is to maximize the separation among UEs in the second timeslot of the subframe in case adjacent cyclic time shifts are assigned in the first timeslot.
Inter-cell interference randomization is achieved by applying a cell specific cyclic time shift hopping per SC-FDMA symbol. The purpose of time-domain cyclic shift hopping on a symbol-by-symbol-basis is to average the non-ideal cross-correlation among different base sequences given that the cross-correlation is not the same for various cyclic-time shifts.

Furthermore, the use of UL power-control reduces average inter-cell interference levels received at the eNB.
There are currently two mechanisms in place to address inter-cell interference for the new PUCCH Format 3 in R10 [2]:

· Cell-specific scrambling, and

· Cell-specific symbol-level time-domain cyclic shift hopping.

The symbol-level cyclic shift hopping scheme defined for PUCCH Format 3 follows the randomization scheme specified for LTE R8 PUCCH Formats 1 and 2. However, the application of such a randomization scheme to PUCCH Format 3 does not exactly offer the same level of protection against inter-cell interference like in the case of the R8 PUCCH Formats 1 and 2.

The reason is that PUCCH Format 3 exclusively relies on time domain CDM of the channel-coded scrambled symbol sequence to multiplex multiple UE’s onto the same RB. This is different from the R8 design principle of PUCCH Format 1. For PUCCH Format 1, the information-bearing symbol is transmitted by the combination of frequency-domain CDM (modulating the cyclic time shift of the ZC base sequence) and time-domain CDM (orthogonal spreading codes). For PUCCH Format 2, only frequency-domain CDM (modulating the cyclic time shift of the ZC base sequence) is used.
In the presence of an orthogonal sequence in frequency domain such as the case for R8 PUCCH, the symbol-level cyclic shift hopping averages the non-ideal cross-correlation among different base sequences assigned to different inter-cell interfering UEs transmitting PUCCH on the same RB.

In the case of PUCCH Format 3, the symbol-level cyclic shift hopping only shuffles the control symbols across the frequency domain. This implies that the scheme could potentially mitigate inter-cell interference using the central limit theorem as long as there are a large number of low-power inter-cell interfering UEs.

In practice however, the major limiting factor for PUCCH coverage especially for cell edge UEs is the exposure to one or very few high power interfering UEs in the neighbouring cells.

This issue is even more pre-dominant in small cell environments like Case 1, where the inter-cell interference is the main contributor to the observed SINR at the eNB for the RB under consideration for a UE transmitting the PUCCH in the subframe.
In consequence, when evaluating PUCCH Format 3 performance, modelling a large number of interfering UEs simply as AWGN does not necessarily reveal the sensitivity of the PUCCH Format 3 modulation and coding format as a function of inter-cell interference.
3
Evaluation
We conducted link level analysis for PUCCH Format 3 to assess sensitivity of the required operating SINR to meet the ACK->NACK/DTX 10e-2 and NACK-ACK 10e-3 error requirements for a user under consideration in presence of one explicitly modelled dominant co-RB inter-cell interferer.
The AN payload range of the PUCCH Format 3 for the UE under consideration is varied from 3 up to 11 bits. The latter case corresponds to the theoretical maximum AN payload and accounts for the possible presence of the SR.
We assume PUCCH intra-cell interference can be effectively mitigated by employing an interference cancellation scheme in the eNB, e.g. the inter-cell interferer in the 1st tier adjacent cell in the frequency reuse 1 deployment in Figure 1 is the primary interferer. This discounts for the possibility of using even more advanced forms of receiver / antenna processing in the eNB.
The single explicitly modelled inter-cell interferer transmits a PUCCH Format 3 on the same RB using the same orthogonal cover code as the UE under consideration. Using the same orthogonal cover code is a worst case assumption when PUCCH Format 3 index assignments are un-coordinated between sites.
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Figure 1: Inter-cell and intra-cell interference experienced by a UE transmitting PUCCH Format 3 in the UL

We evaluate the PUCCH Format 3 required operating SINR as a function of the Rx power offset between the UE under consideration and the dominant inter-cell interferer in the range from 10 to 0 dB.
Note that the required operating SINR for PUCCH Format 3 is determined as the lesser of the SINR value to meet either target performance requirement Pr(ACK->NACK/DTX)=10e-2 or Pr(NACK->ACK)=10e-3.

Figures 2 to 4 show the required operating SINR in ETU3 / 10 MHz for PUCCH payload sizes 3, 8 and 11 bits respectively. Further simulation assumptions are given in the Appendix.
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Figure 2: PUCCH Format 3 decoding performance as a function of Rx power offset for 3 A/N bits
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Figure 3: PUCCH Format 3 decoding performance as a function of Rx power offset for 8 A/N bits
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Figure 4: PUCCH Format 3 decoding performance as a function of Rx power offset 11 A/N bits
In Table 1 we summarize the required operating SINR for PUCCH Format 3 transmissions from Figures 2-4 for the different A/N payload sizes and the different Rx power offsets at the eNB between UE under consideration and the dominant inter-cell PUCCH interferer.
	Required operating SINR for ...
	Ideal
(un-correlated)
	Rx power offset 10 dB
	Rx power offset 6 dB
	Rx power offset 3 dB
	Rx power offset 0 dB

	3 bits A/N
	-6.6
	-5.4
	-4.8
	-4.2
	-3.2

	8 bits A/N
	-3.0
	-2.8
	-1.9
	-0.1
	Can’t be met.

	11 bits A/N
	-1.1
	-1.1
	-0.4
	2.3
	Can’t be met.


Table 1: Required operating SINR for PUCCH Format 3 to meet Pr(ACK->NACK/DTX)=10e-2 or Pr(NACK->ACK)=10e-3 in the presence of a dominant inter-cell interferer
When comparing the required operating SINR for PUCCH Format 3 under ideal conditions (AWGN like interference contributors) to the presence of the correlated inter-cell interferer, we observe a very noticeable degradation in the order of 2-3 dB for both small (3 bits) and large (11 bits) AN payloads.

Furthermore, we observe that for the interference-limited scenario in presence of a correlated inter-cell PUCCH interferer, the BER curve tends to flatten out for increasing Rx power offset values and for increasingly larger AN payload sizes.
Figure 5 compares the required operating SINR for the specific case of Rx power offset 0 dB (UE under consideration and inter-cell interferer received at equal power in the eNB) as a function of increasing AN payload sizes for the UE under consideration.
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Figure 5: PUCCH Format 3 decoding performance for Rx power offset 0 dB and varying A/N payload size
We observe that exceeding a certain AN payload size, the target PUCCH error requirements Pr(ACK->NACK/DTX)=10e-2 or Pr(NACK->ACK)=10e-3 can’t be met in presence of a relatively strong and correlated inter-cell interferer.

4
Discussion

Based on evaluation in Section 3, we see that correlated interference from the inter-cell UEs operating on the PUCCH Format 3 RB’s in case of frequency reuse of 1 has potential to become a limiting factor for the coverage of PUCCH Format 3.

Power control can’t further improve the UE’s operating conditions by increasing the PUCCH transmit power for the UE under consideration. The correlated inter-cell PUCCH Format 3 interferer will limit the achievable SINR, e.g. the SINR curve will flatten out.
The primary reason for the observed decoding degradation for PUCCH Format 3 is the limitation of its current baseline inter-cell interference randomization scheme [2] which mainly relies on cyclic time shift hopping (together with sequence group planning only for the RS).
The symbol-level cyclic shift hopping only shuffles the QPSK data modulated symbols in frequency domain in the case of PUCCH Format 3. It can’t fully substitute the effectiveness of the orthogonal base sequences of R8 PUCCH Format 1 and 2 as inter-cell interference randomization approach.
Note that in the case of R8 PUCCH Formats 1 and 2 where each QPSK modulated symbol is spread in the frequency domain using an orthogonal base sequence and transmitted on one of the 10 SC-FDMA symbols in the sub-frame. Due to the low cross correlation properties of the assigned base sequences for the neighboring cells, the inter-cell interference is more than adequately randomized for both RS and data symbols through sequence group planning in conjunction with symbol-level cyclic time shift hopping.
Another consideration is that for R10 PUCCH Format 3, currently there is no link between the orthogonal cover code index assigned to the UE and the cell identity. This is different from R8 where the cyclic time shift of a base sequence for a given SC-FDMA symbol is derived based on the combination of an assigned PUCCH resource index and a cell-specific parameter. As a result, even if there is only one UE transmitting PUCCH Format 3 on the RB in a cell in average, some level of PUCCH Format 3 assignment coordination is required between cell sites to avoid identical pairs or unfavourable combinations of orthogonal cover codes being used in a given subframe.
In view of the above observations, we believe that a complementary inter-cell interference randomization scheme may be required for PUCCH Format 3.
One approach could be to simply establish a link between the cell ID, and the cover code index assigned to a UE similar to R8 PUCCH Format 1 and 2. For example, similar to the R8 precedence, the UE derives its assigned orthogonal cover code index from a combination of the assigned PUCCH Format 3 index (i.e., 
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Another approach could be the application of a cell-specific sequence hopping scheme according to a predetermined hopping pattern similar to the sequence group hopping approach in R8. For example, the hopping may also be performed on the subcarrier level wherein a different orthogonal code is used by the UE for a given subcarrier in a given slot.
Cover-code remapping across the two timeslots within a sub-frame is another alternative which can easily be employed for PUCCH Format 3 to statistically limit the impact of inter-cell interference. We note that cover-code remapping in R8 was introduced mainly for the purpose of mitigating intra-cell interference. However, as a by product, the slot-level hopping lowers the probability of a high power inter-cell interferers to be the dominant contributor to the interference in both slots.

4
Conclusion

In this contribution, we evaluated the effectiveness of the baseline inter-cell interference randomization approach for the R10 PUCCH Format 3.

We showed that in the presence of a dominant inter-cell interferer, the achievable operating SINR for PUCCH Format 3 will be degraded in the order of up to 2-3 dB compared to ideal conditions (AWGN like interference contributors) for both small (3 bits) and large (11 bits) AN payloads. We observe that exceeding certain AN payload sizes (some 5 to 6 bits or more), the target PUCCH error requirements for ACK, NACK and DTX can’t be met in presence of a relatively strong and correlated inter-cell interferer.

The primary reason for the observed decoding degradation for PUCCH Format 3 in presence of inter-cell interference is that symbol-level cyclic shift hopping only shuffles the QPSK data modulated symbols in frequency domain in the case of PUCCH Format 3. This approach can’t fully substitute the effectiveness of the orthogonal base sequences of R8 PUCCH Format 1 and 2 as inter-cell interference randomization approach.

We recommend that the existing inter-cell interference randomization scheme for PUCCH Format 3 is complemented by,
1. Associating the PUCCH Format 3 cover code index with the cell ID, or
2. Using a cell-specific hopping pattern, or
3. Using cover code (OCC) remapping across the two slots within a sub-frame.
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Appendix
	Parameter
	Value

	Bandwidth
	10 MHz

	Carrier Frequency
	2.0 GHz

	Tx/Rx Antenna Configuration
	1 Tx / 2 Rx 

	Channel Model
	ETU  3 km/h

	Receiver Type
	MMSE

	Sampling Frequency
	Nyquist

	FFT size
	1024 

	Channel Estimation
	Realistic

	Cyclic Prefix Type
	Normal CP

	DTX detection / PFA
	disabled


Table 2: Link-level simulation assumptions
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