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1 Introduction

Signals transmitted by a UE in the UL may be interfered by intra-cell and inter-cell UEs. Time-domain orthogonal covering codes (OCC) are defined for Rel-10 PUCCH Format 3 to suppress intra-cell interference. Two mechanisms are defined for Format 3 to mitigate inter-cell interference (ICI):

· Cell-specific bit scrambling
· Cell-specific per-OS cyclic shifts
The per-OS cyclic shift scheme defined for PUCCH Format 3 follows the randomization scheme specified for LTE R8 PUCCH Formats 1 and 2. The effectiveness of these working assumptions were examined and questioned in [2]. Two additional ICI mitigation mechanisms were also discussed in [2]:

· Cell-specific per-slot OCC hopping

· Cell-specific per-QPSK OCC hopping

In this document, we investigate the effectiveness of various ICI mitigation approaches for PUCCH Format 3.

2 Evaluation Setup

2.1 Definition of ICI mitigation schemes

Six ICI mitigation approaches are investigated. Schemes 1—3 are illustrated in Figure 1 where cell-specific pattern cyclic shifts are applied prior to DFT. Schemes 4—6 are illustrated in Figure 2 where cell-specific pattern cyclic shifts are applied after DFT. A baseline Scheme 0 without per-OS cyclic shift is also investigated as a reference.

0. Scheme 0 (no per-OS cyclic shift)

1. Scheme 1 (per-OS cyclic shift before DFT)

The OCCs used in both slots are identical. The spread QPSKs in each OS are cyclically shifted according to a cell-specific pattern prior to DFT.

2. Scheme 2 (per-slot OCC hopping and per-OS cyclic shift before DFT)

The OCCs used in the two slots follows a cell-specific hopping pattern. The spread QPSKs in each OS are cyclically shifted according to a cell-specific pattern prior to DFT.

3. Scheme 3 (per-QPSK OCC hopping and per-OS cyclic shift before DFT)

The OCCs used for spreading each QPSK symbol follow a cell-specific hopping pattern. The spread QPSKs in each OS are cyclically shifted according to a cell-specific pattern prior to DFT.

4. Scheme 4 (per-OS cyclic shift after DFT)

The OCCs used in both slots are identical. The spread QPSKs in each OS are cyclically shifted according to a cell-specific pattern after DFT.

5. Scheme 5 (per-slot OCC hopping and per-OS cyclic shift after DFT)

The OCCs used in the two slots follows a cell-specific hopping pattern. The spread QPSKs in each OS are cyclically shifted according to a cell-specific pattern after DFT.

6. Scheme 6 (per-QPSK OCC hopping and per-OS cyclic shift after DFT)

The OCCs used for spreading each QPSK symbol follow a cell-specific hopping pattern. The spread QPSKs in each OS are cyclically shifted according to a cell-specific pattern after DFT.

Cell-specific bit scrambling before QPSK modulation is applied in all schemes.
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Figure 1 Illustration for Schemes 1—3.

[image: image2.emf]X

MOD

Scrambling

Encoding

X X X X X X X X X

)1 ( ),..., 0 (

RB

sc



N d d

)1 2 ( ),..., (

RB

sc

RB

sc



N d N d

)1( w ) 2( w )3( w ) 4( w

ZC ZC ZC ZC

IFFT IFFT IFFT IFFT IFFT IFFT IFFT IFFT IFFT IFFT IFFT IFFT IFFT IFFT

)0 ( w )1( w ) 2( w )3 ( w ) 4 ( w

)0 ( w

CS CS CS CS CS CS CS CS CS CS

DFT DFT DFT DFT DFT DFT DFT DFT DFT DFT


Figure 2 Illustration for Schemes 4—6.
2.2 Link performance evaluation setup
From the network’s point of view, it is possible to evaluate PUCCH performance averaged over all UE parameters. However, such average performance results may be very different than the PUCCH link of an individual UE. The system should strive to ensure PUCCH operation even for a UE with particularly unfavorable parameter alignment in the presence of ICI. Hence, following [2], we evaluate link performance of the worst-case UE in the presence of a dominant ICI UE as defined in the following.

· PUCCH Format 3 without OCC hopping (worst-case UE)

The OCCs used by the desired UE and the ICI UE in both slots are identical

· PUCCH Format 3 with per-slot OCC hopping (worst-case UE)

The OCCs used by the desired UE and the ICI UE in the first slot are identical. The OCCs used in second in the second slot are randomly and independently chosen.

· PUCCH Format 3 with per-QPSK OCC hopping

The OCCs used by the desired UE and the ICI UE for different QSPK symbols are randomly and independently chosen. No worst-case UE is defined here since OCC collision occurs almost always (more than 99.5% chance).

Further evaluation parameters are listed in Table 2 in the appendix. Performance is measured at the SNR required for achieving bit error rate (BER) of 0.1%.
3 Discussion

3.1 Effectiveness of Cyclic Shifts

The ICI performance of Scheme 0 (without per-OS cyclic shift) is shown in Figure 3. It can be observed with cyclic shift, PUCCH Format 3 performance of the worst-case UE is very sensitive to ICI. Adequate link performance requirement cannot be met for such UEs close to cell-edge.
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Figure 3 Performance of Scheme 0. For each payload size of 3, 11 or 21, there is one ICI UE at average received power differential of 0, -3, -6, -10 or -20 dB. 

The ICI performance of Scheme 1 (with per-OS cyclic shift before DFT) is shown in Figure 4. We observe that the introduction of per-OS cyclic shift provides improvement to performance in the presence of ICI. Our results are qualitatively similar to those observed in [2], though slightly less pessimistic.

· For 3-bit payloads, the PUCCH Format 3 link can be closed at –2.1 dB for worst-case UE facing a dominant ICI at 0 dB average received power differential, which 2.5 dB higher SNR needed than in the absence of ICI. 
· For 11-bit payloads, the link can be closed at 5.1 dB for such worst-case UEs, which is almost 6 dB higher SNR needed than in the absence of ICI.

· For 21-bit payloads, however, the link can only be closed if the dominant ICI is at or below –6 dB average received power differential.
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Figure 4 Performance of Scheme 1 (per-OS CS before DFT). For each payload size of 3, 11 or 21, there is one ICI UE at average received power differential of 0, -3, -6, -10 or -20 dB.
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Figure 5 Performance of Scheme 4 (per-OS CS after DFT). For each payload size of 3, 11 or 21, there is one ICI UE at average received power differential of 0, -3, -6, -10 or -20 dB. 

The ICI performance of Scheme 5 (with per-OS cyclic shift after DFT) is shown in Figure 5. It can be observed that frequency-domain cyclic shift is even more effective in mitigating ICI. 
· For 3-bit payloads, the PUCCH Format 3 link can be closed at –2.7 dB for worst-case UE facing a dominant ICI at 0 dB average received power differential.

· For 11-bit payloads, the link can be closed at around 3.2 dB for such worst-case UEs. This is an almost 2 dB gain when compared to the time-domain cyclic shift.
· For 21-bit payloads, the link can be closed at 6.9 dB even at –3 dB ICI. For the case of –6 dB ICI, the gain over time-domain cyclic shift is almost 3 dB.

The document [2] observed that time-domain cyclic shift for PUCCH Format 3 simply shuffles ICI (rather than averaging ICI) powers and is hence not very effective at mitigating one or very few strong ICI. This motivates the introduction of per-QPSK OCC hopping at the expense of higher processing complexity.

Since per-OS cyclic shifts in the frequency domain are equivalent to per-OS multiplication of exponential sequences in the time domain, Scheme 5 implicitly incorporates different OCCs for different QPSK symbols. More specifically, in Scheme 1, the same OCC
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is applied to every QPSK symbols in a slot: 
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 is the cell-specific cyclic shift offset for the n-th SCFDMA symbol. We then have 
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 That is, the effective OCC for the i-th QPSK symbol is given by
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In summary, for PUCCH Format 1/2, information is spread in the frequency-domain. Cell-specific cyclic shift in the time-domain has been found to be effective in combating ICI. For PUCCH Format 3, information is spread in the time-domain. Cell-specific cyclic shift in the frequency-domain is found to be effective in mitigating ICI.
3.2 Effectiveness of Further ICI Mitigation Measures

The ICI performance of Schemes 2, 5, 3 and 6 are shown in Figures 6—9 in the appendix. A complete summary of the required operating SNRs for all cases is listed in Table 1. It can be observed that Scheme 3—6 are effective at mitigating ICI and ensure operable PUCCH Format 3 links.

It is further observed that Scheme 4 and 5 capture most the ICI mitigation gains while requiring substantially less complexity than Scheme 3 and 6.

Table 1 Required operting SNR

	Required operating SNR
for 3-bit payload [dB]
	ICI received power differential

	
	–20 dB
	–10 dB
	–6 dB
	–3 dB
	0 dB

	Scheme 1
	–4.6
	–4.3
	–3.8
	–3.1
	–2.1

	Scheme 2
	–4.4
	–4.2
	–4.0
	–3.4
	–2.5

	Scheme 3
	–4.7
	–4.6
	–4.3
	–3.9
	–2.9

	Scheme 4
	–4.6
	–4.4
	–4.3
	–3.5
	–2.7

	Scheme 5
	–4.6
	–4.5
	–4.1
	–3.6
	–2.8

	Scheme 6
	–4.5
	–4.5
	–4.2
	–3.8
	–3.0


	Required operating SNR
for 11-bit payload [dB]
	ICI received power differential

	
	–20 dB
	–10 dB
	–6 dB
	–3 dB
	0 dB

	Scheme 1
	–0.7
	–0.1
	1.0
	2.3
	5.1

	Scheme 2
	–0.5
	–0.2
	0.4
	1.7
	4.7

	Scheme 3
	–1.0
	–0.7
	–0.4
	0.8
	2.5

	Scheme 4
	–0.9
	–0.6
	–0.0
	1.0
	3.2

	Scheme 5
	–1.3
	–0.6
	–0.2
	0.8
	2.7

	Scheme 6
	–1.1
	–0.8
	–0.1
	0.5
	2.6


	Required operating SNR
for 21-bit payload [dB]
	ICI received power differential

	
	–20 dB
	–10 dB
	–6 dB
	–3 dB
	0 dB

	Scheme 1
	3.6
	4.6
	7.4
	NA
	NA

	Scheme 2
	3.7
	4.8
	6.9
	NA
	NA

	Scheme 3
	2.4
	2.8
	3.9
	6.1
	11.4

	Scheme 4
	2.4
	2.7
	4.6
	6.9
	13.0

	Scheme 5
	2.2
	3.1
	4.2
	6.5
	12.2

	Scheme 6
	2.3
	3.0
	4.2
	6.0
	11.4


4 Conclusion
Based on extensive investigation, we propose to adopt the following ICI mitigation measure(s) for PUCCH Format 3:

· Cell-specific per-OS cyclic shifts in the frequency domain

· OCC hopping across slots
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Table 2 Link evaluation assumptions.
	Parameters
	Value

	carrier frequency
	2.0 GHz

	bandwidth,
channel model
	5 MHz, ETU, 3 km/hr

	frequency hopping
	at slot boundary

	antenna setup
	1T2R

	RX antenna correlation
	Uncorrelated

	CP type
	normal CP

	signal bandwidth
	180 kHz

	number of UEs
	1 intra-cell, 1 inter-cell

	Number of PRB for PUCCH
	1
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	2

	SIMO combiner
	MMSE

	channel estimation
	Practical estimation from RS within the subframe

	RX covariance matrix estimation
	Practical estimation from RS residual within the subframe

	RX false alarm detection 
	Disabled
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Figure 6 Performance of Scheme 2 (per-slot OCC hopping and per-OS CS before DFT).  For each payload size of 3, 11 or 21, there is one ICI UE at average received power differential of 0, -3, -6, -10 or -20 dB.
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Figure 7 Performance of Scheme 5 (per-slot OCC hopping and per-OS CS after DFT).  For each payload size of 3, 11 or 21, there is one ICI UE at average received power differential of 0, -3, -6, -10 or -20 dB.

[image: image16.emf]-10 -5 0 5 10

10

-3

10

-2

10

-1

SNR [dB]

BER

rMMSE, per-QPSK OCC hopping + pre-DFT per-OS CS

 

 

0 dB ICI

-3 dB ICI

-6 dB ICI

-10 dB ICI

-20 dB ICI

21 bits

11 bits

3 bits


Figure 8 Performance of Scheme 3 (per-QPSK OCC hopping and per-OS CS before DFT).  For each payload size of 3, 11 or 21, there is one ICI UE at average received power differential of 0, -3, -6, -10 or -20 dB.
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Figure 9 Performance of Scheme 6 (per-QPSK OCC hopping and per-OS CS after DFT).  For each payload size of 3, 11 or 21, there is one ICI UE at average received power differential of 0, -3, -6, -10 or -20 dB.
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