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1
Introduction
We compare the computer generated [1] length-12 and length-24 sequences submitted by the following companies: 

· Nokia – NSN, Motorola, Texas Instruments, LGE, Sharp, Qualcomm

We also included the following ‘unified proposals’, which are sequence sets composed of several company proposals

· Nokia-Sharp, Nokia-TI, Motorola Unified, TI Unified, Sharp Unified

In all cases, the latest available sequences were used. 

The sequences will be compared based on cross-correlation, CM statistics and complexity.  We didn’t consider the number of companies participating in a particular set a decision criterion.   
2
Evaluation
2.1
Evaluation Methodology
We propose some small changes in the evaluation methodology in order to obtain a more meaningful comparison. These are listed in the next two sections

2.2.1 Cross-correlation evaluation
The current methodology used is to take all sequence pairs and all shifts, calculate the cross-correlation, and determine the average and median of all collected cross-correlation values. 

The problem with this method is that it doesn’t capture bad sequence pairs. For example, if a proposed set was to include an identical pair of sequences, then the mean cross correlation, just considering this pair, would be 
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. At the same time, for the cross-correlation between any pair of ideal ZC sequences, which is optimum, we’d have 
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, which is a higher value than for the identical pair.  This is obviously the opposite conclusion compared to what would be useful criteria. 
Note that in this example, we used 12 sample points for the cross-correlation evaluation, just to make the description simple; In our actual evaluation, we used 
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 upsampling. 

When the UE transmitters are properly time aligned with the receiver, then the received signal will fall on the eNB sample time. In this case, the different cyclic shifts will also fall on integer sample times, so in lack of channel dispersion, we would not need any upsampling.  The interfering UEs with other sequence indeces, however, are in other cells, therefore they are not time aligned with the receiver in general. When the receiver reference time and the interfering signal are not aligned then the cross-correlation occurs at fractional chip offsets, therefore we need to evaluate the upsampled cross-correlation. 

Cross-correlation for different sequence lengths:
When we evaluate the cross-correlation between different sequence length cases, e.g. 1-RB RS to 2-RB RS, we ONLY consider the eNB receiver demodulating the smaller RB RS sequence. 
We can illustrate the reasoning with the following picture
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Note that in the time domain, where the cyclic shifts are done, the actual sequence length is always the same, irrespective of the frequency domain sequence length.  

As it can be seen from the above, before the cross-correlation, the sequence occupying more RBs is always bandpass filtered down to match the BW of the sequence occupying fewer RBs. This results in the following number of cases: 

· 1RB to 2RB :  2 cases
· 1RB to 3RB :  3 cases

· 2RB to 3RB :  2 cases

In summary, we propose the following:

· Consider the maximum cross-correlation among all the sequence pairs as the cross-correlation evaluation metric. 
· Use upsampled cross-correlation (in case this is not done so already).
2.2.1 CM evaluation

The simplest method is to calculate the CM of the upsampled RS sequence. This would be precise for a signal that is infinitely and periodically extended from the core CG sequence. The real PUCCH signal; however, consists of the concatenation of modulated sequences. Both the modulation and cyclic prefixing creates discontinuity at symbol boundaries, around which the peak interpolated value will vary.  Since the transmit pulse shaping follows the total Tx bandwidth, which is larger than the PUCCH bandwidth, the ripple around the transition will be fairly minor, nevertheless, it changes the obtained CM results.  Because we include the cyclic prefix, different cyclic shifts of a base sequence yield different CM values, therefore we needed to check all possible cyclic shifts as well.  
There have been discussions regarding whether having the maximum CM below a certain limit (e.g. 1.2dB) is sufficient as opposed to minimizing CM as a criterion. 
In our opinion, minimizing CM should be the goal.  A lower CM enables lowering the in-band interference noise that the other RBs are subject to as a result of the RS or PUCCH transmission.  This effect exists irrespective of whether the emission limits or met.   
2.2 Simulation Results

2.2.1 Cross-correlation

The cross-correlation simulation results are given in Figures 1-5 below. 
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Figure 1  1RB-1RB Cross-correlation

[image: image6.png]™

Probability (Xcorr <

2RB-2RB Sequence Set Cross-correlation

0gf-

08f-

07f-

08~

05

04

03

02

01

Nokia
——— Motarola
o

—L6

——— Sharp
——ac
Nokia-Sharp
Nokia-Tl
Matorola Urified
Tl Unified

Sharp Unified

04 05 06
Normalized cross-correlation

08 09





Figure 2  2RB-2RB Cross-correlation
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Figure 3  1RB-2RB Cross-correlation
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Figure 4  1RB-3RB Cross-correlation
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Figure 5  2RB-3RB Cross-correlation

The peak, mean and median cross-correlation values are summarized in Table 1 through Table 5. The minimum value is highlighted in each table. 
	Sequence
	Mean Cross-Correlation
	Median Cross-Correlation
	Maximum Cross-Correlation

	Nokia
	0.2574
	0.2428
	0.8162

	Nokia-Sharp
	0.2564
	0.2349
	0.8950

	Nokia-TI
	0.2563
	0.2368
	0.8383

	Motorola
	0.2574
	0.2406
	0.8669

	Motorola Unified
	0.2566
	0.2398
	0.7926

	TI
	0.2546
	0.2355
	0.8804

	TI Unified
	0.2573
	0.2406
	0.7953

	LGE
	0.2570
	0.2406
	0.9529

	Sharp
	0.2557
	0.24
	0.8807

	Sharp Unified
	0.2567
	0.2359
	0.8502

	Qualcomm
	0.2565
	0.2379
	0.7156


Table 1  Cross-Correlation Results between 1RB-1RB Pairs
	Sequence
	Mean Cross-Correlation
	Median Cross-Correlation
	Maximum Cross-Correlation

	Nokia
	0.1822
	0.1693
	0.6102

	Nokia-Sharp
	---
	---
	---

	Nokia-TI
	0.1820    
	0.1694    
	0.6577

	Motorola
	0.1817
	0.1683
	0.5563

	Motorola Unified
	0.1815
	0.1688
	0.5771

	TI
	0.1811
	0.1679
	0.6650

	TI Unified
	0.1831
	0.1726
	0.6577

	LGE
	0.1836
	0.1811
	0.7171

	Sharp
	0.1796
	0.1622
	0.8889

	Sharp Unified
	0.1807
	0.1646
	0.6929

	Qualcomm
	0.1804
	0.1674
	0.6032


Table 2  Cross-Correlation Results between 2RB-2RB Pairs

	Sequence
	Mean Cross-Correlation
	Median Cross-Correlation
	Maximum Cross-Correlation

	Nokia
	0.2569
	0.2371
	0.8247

	Nokia-Sharp
	---
	---
	---

	Nokia-TI
	0.2568
	0.2387
	0.8450

	Motorola
	0.2565
	0.2394
	0.8949

	Motorola Unified
	0.2566
	0.2373
	0.8401

	TI
	0.2567
	0.2373
	0.8872

	TI Unified
	0.2567
	0.2392
	0.9864

	LGE
	0.2569
	0.2398
	0.9873

	Sharp
	0.2565
	0.2358
	0.8498

	Sharp Unified
	0.2570
	0.2361
	0.9168

	Qualcomm
	0.2570
	0.2397
	0.7550


Table 3  Cross-Correlation Results between 1RB-2RB Pairs

	Sequence
	Mean Cross-Correlation
	Median Cross-Correlation
	Maximum Cross-Correlation

	Nokia
	0.2566
	0.2384
	0.8582

	Nokia-Sharp
	0.2565
	0.2386
	0.8587

	Nokia-TI
	0.2566
	0.2390
	0.8587

	Motorola
	0.2568
	0.2391
	0.8762

	Motorola Unified
	0.2565
	0.2388
	0.8763

	TI
	0.2571
	0.2372
	0.8395

	TI Unified
	0.2566
	0.2418
	0.9968

	LGE
	0.2565
	0.2417
	0.9963

	Sharp
	0.2566
	0.2368
	0.8676

	Sharp Unified
	0.2565
	0.2386
	0.8587

	Qualcomm
	0.2560
	0.2366
	0.7336


Table 4  Cross-Correlation Results between 1RB-3RB Pairs

	Sequence
	Mean Cross-Correlation
	Median Cross-Correlation
	Maximum Cross-Correlation

	Nokia
	0.1810
	0.1663
	0.6206

	Nokia-Sharp
	---
	---
	---

	Nokia-TI
	0.1808
	0.1683
	0.6536

	Motorola
	0.1810
	0.1686
	0.6943

	Motorola Unified
	0.1810
	0.1687
	0.6420

	TI
	0.1811
	0.1672
	0.6614

	TI Unified
	0.1810
	0.1698
	0.9304

	LGE
	0.1815
	0.1722
	0.9977

	Sharp
	0.1811
	0.1666
	0.6859

	Sharp Unified
	0.1810
	0.1686
	0.6944

	Qualcomm
	0.1809
	0.1665
	0.5784


Table 5  Cross-Correlation Results between 2RB-3RB Pairs

Observations: 
· The LGE and TI Unified sets show high maximum cross-correlation in certain cases

· Overall, the Qualcomm sequences show lowest maximum cross-correlation
2.2.2 CM evaluation

The CM simulation results are given in Figures 6-9 below. 
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Figure 6  Unmodulated 1RB Sequence CM Statistics
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Figure 7  Modulated 1RB Sequence CM Statistics
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Figure 8  Unmodulated 2RB Sequence CM Statistics
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Figure 9  Modulated 2RB Sequence CM Statistics

The CM results are summarized in Table 6 through Table 9 below. 

	Sequence
	Mean CM   (dB)
	Min CM     (dB)
	Max CM     (dB)

	Nokia
	0.8419
	0.4069
	1.0736

	Nokia-Sharp
	0.6940
	0.2118
	1.1959

	Nokia-TI
	0.6778
	0.0089
	1.1562

	Motorola
	1.0462
	0.7184
	1.1959

	Motorola Unified
	0.6727
	0.2307
	1.0921

	TI
	0.2826
	0.0089
	0.5165

	TI Unified
	0.6509
	0.0089
	1.1805

	LGE
	0.9138
	0.1731
	1.1763

	Sharp
	0.6503
	0.2118
	0.8064

	Sharp Unified
	0.6631
	0.2307
	0.9698

	Qualcomm
	0.5782
	0.4069
	0.6599


Table 6  Unmodulated CM Results for 1RB Sequences
	Sequence
	Mean CM   (dB)
	Min CM     (dB)
	Max CM     (dB)

	Nokia
	0.8200
	0.3457
	1.1287

	Nokia-Sharp
	0.6995
	0.1917
	1.2848

	Nokia-TI
	0.6857
	-0.0368
	1.2064

	Motorola
	1.0283
	0.7211
	1.3134

	Motorola Unified
	0.6624
	0.3028
	1.1367

	TI
	0.2950
	-0.0368
	0.6468

	TI Unified
	0.6435
	-0.0368
	1.1921

	LGE
	0.9171
	0.1099
	1.3837

	Sharp
	0.6340
	0.1855
	0.9127

	Sharp Unified
	0.6623
	0.1917
	0.9279

	Qualcomm
	0.5805
	0.3578
	0.7821


Table 7  Modulated CM Results for 1RB Sequences
	Sequence
	Mean CM   (dB)
	Min CM     (dB)
	Max CM     (dB)

	Nokia
	0.9727
	0.7975
	1.0909

	Nokia-Sharp
	---
	---
	---

	Nokia-TI
	0.7683
	-0.0907
	1.1936

	Motorola
	1.1169
	0.9408
	1.1926

	Motorola Unified
	0.8011
	0.3004
	1.1513

	TI
	0.8242
	0.4593
	0.9176

	TI Unified
	0.6983
	-0.0907
	1.1524

	LGE
	0.8240
	-0.0906
	1.1958

	Sharp
	0.6578
	0.1269
	0.8204

	Sharp Unified
	0.7565
	0.3004
	1.0678

	Qualcomm
	0.4268
	0.2401
	0.5905


Table 8  Unmodulated CM Results for 2RB Sequences
	Sequence
	Mean CM   (dB)
	Min CM     (dB)
	Max CM     (dB)

	Nokia
	0.9831
	0.8099
	1.1268

	Nokia-Sharp
	---
	---
	---

	Nokia-TI
	0.7652
	-0.1001
	1.2479

	Motorola
	1.1013
	0.8828
	1.2479

	Motorola Unified
	0.7954
	0.2940
	1.1400

	TI
	0.8354
	0.4801
	1.0987

	TI Unified
	0.6926
	-0.1001
	1.1207

	LGE
	0.8225
	-0.1000
	1.3809

	Sharp
	0.6651
	0.1003
	0.9098

	Sharp Unified
	0.7751
	0.2940
	1.1268

	Qualcomm
	0.4296
	0.1881
	0.6387


Table 9  Modulated CM Results for 2RB Sequences
Observations: 

· For 1RB sequences, the TI proposal has the lowest CM, the Qualcomm proposal has the second lowest CM 
· For 2RB sequences, the Qualcomm proposal has the lowest CM, the Sharp proposal has the second lowest CM
2.3
Complexity Comparison

It had been pointed out that the memory requirement for any of the proposed sequences is moderate, therefore memory size is not an issue.  We need to consider, however, that the amount of information represented by these sequences will have to be very frequently fetched and transported in hardware. From that perspective, there is a complexity impact.  

For the sequences proposed by Nokia-NSN, TI, Sharp, and Qualcomm, the storage requirements and complexity impacts are identical. 

The Motorola proposal has systematic sequence generation, where the bit width of the stored values can be reduced compared to storing the sequences directly.  For example, in the 1RB case, the m-sequence generator initial stage index can be stored in 16 bits as opposed to the 24 bits required to store the sequences themselves.  However, having the initial stage index doesn’t equate to having the shift-register initial stage itself.  For the latter, one would still have to advance the sequence generator up to 60000 times or use some enhanced index-logarithm-2 based method just to get to the initial register stage. All in all, it seems beneficial complexity-wise to just store the sequences directly.  

The LGE proposed sequences also have a systematic generation method, so the parameter storage requirements are smaller; however, complexity-wise it is again appears simpler to store these short 1RB and 2RB sequences rather than generating them every time they’re needed.  We recognize that the best storage method may differ based on different implementations; however, another apparent drawback is that the usage of the LGE proposed sequences would require a series of complex multiplications in order to perform a frequency domain correlation. 
The usage of F-QPSK sequences, such as those proposed by Nokia-NSN, Motorola, TI, Sharp and Qualcomm do not require complex multiplications in the frequency domain, since each element in the F-QPSK sequences is based on a QPSK constellation point.
3
Conclusions

Simulation based results were provided for the submitted CG sequences. It is recommended that the results be compared with other company results, and any possible mismatch should be resolved. After that, the best proposal can be selected based on a combined cross-correlation, CM and complexity based criteria. 
We feel that minimizing the CM and limiting the worst case cross-correlation are both important factors. There can be different target thresholds set based on the perceived relative importance of these criteria. We believe that the current Qualcomm proposal represents a good trade-off. We observe that the unified proposals are almost uniformly weaker than the Qualcomm proposal. 
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