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1. Introduction
This paper considers the case when UE transmits only CQI on PUCCH but neither UL data nor ACK/NACK signals. It has been determined in 3GPP that UEs with such CQI transmission are code division multiplexed by means of different cyclic shifts of CAZAC sequences. A problem related to the CAZAC sequence modulation considered in the previous 3GPP meetings is the significant reduction in spectrum efficiency, since only one modulated sequence is transmitted by a particular UE during a LB. Correspondingly, the maximum symbol rate per UE is limited to one symbol per LB. In [1], this problem is addressed and enhanced CAZAC sequence modulation is presented allowing for larger CQI sizes. The proposed modulation is based on multi-sequence modulation (MSM) with a careful design of modulation constellation in order to avoid the increase on PAR. In this paper, we consider the PAR properties of MSM in more detail.
Allocating consecutive cyclic shifts for a particular UE can improve the robustness of CDM with respect to long delay spread in radio channel, timing errors as well as power differences between the UEs.  In the following, we consider consecutive cyclic shift pairs with MSM and show that MSM does not cause any degradation on PAR with a proper selection of sequences.

As noted in [1], a computer search may yield a sequence set with properties that are more favorable than the ones of truncated or extended Zadoff-Chu sequences. Hence, in order to find a sequence set suitable for both basic and enhanced sequence modulation on PUCCH, a computer search was performed and most suitable sequences were selected based on properties discussed in Section 2. In Section 3, the obtained sequences are compared to the truncated and extended Zadoff-Chu sequences. 
2. Selection of Sequences
The properties that are desirable for sequences used on PUCCH for basic or enhanced sequence modulation can be seen to be following:

· Zero autocorrelation zone, allowing for CDM by means of cyclic shifts of the sequence, and resulting in a flat frequency response.
· CM equal to or less than the CM of QPSK (1dB). Due to the UE power limitation and QPSK as the minimum modulation order, the differences in CM values below 1 dB are insignificant.
· Sufficient number of sequences with acceptably low cross-correlation properties
It should be noted, that the constant amplitude of sequences in time is not a necessarily property. Instead, more appropriate property is that the sequences have CM of 1 dB or less. In other words, limiting sequences to CAZAC sequences is an unnecessary limitation, and instead a larger set of low PAR sequences with zero auto-correlation (ZAC) zone can be considered. In the following, this relaxation is made and the sequences can be considered as random zero autocorrelation (RAZAC) sequences. Enhanced sequence modulation sets an additional requirement for the sequences, since CM should be 1 dB or less also with the enhanced sequence modulation. 
It is evident that there are multiple, alternative ways to carry out a computer search for RAZAC or random CAZAC sequences. As an example, the procedure presented in [2] can be used with some modifications for the search of RAZAC sequences. One such modification is that the CM is measured during the iterations for both the basic and multi-sequence modulations, and when CM thresholds are satisfied, the sequence is saved. A practical number of iterations can be 1000, as stated in [1]. Some variations of the computer search were run for 100 000 random initial sequences. These produced nearly 100 sequences with zero autocorrelation zone and favorable CM properties. From these sequences, a set of 12 sequences with good cross-correlation properties was selected, given in the Excel sheet attached in the Appendix. 
It should be kept in mind, as noted in [1], that a computer search of sequences allows for straightforward trading off between the number of sequences, cross-correlations and CM properties – up to some extent. Hence, it is relatively straightforward to create alternative sequence sets of different sizes and with different cross-correlation and CM properties. 
3. Performance Comparison
The performance of the presented RAZAC sequences were compared in terms of CM to the extended and truncated ZC sequences. In the case of enhanced sequence modulation, the precoding and multi-sequence modulation method described in [1] was used. The cyclic shift pairs {0, 1}, {2, 3},…, {10, 11} were used.
The cdf for CM is presented in Figure 1 for the RAZAC sequences, as well as for extended and truncated ZC sequences. The CM was calculated over all combinations of symbols and sequences. The sequence specific CM for PUCCH channel is shown in Appendix. In both slots, LB#2 and LB#6 were used as pilot symbols, and the consider sequence was used as a reference sequence in these LBs.  

 It can be easily seen from Figure 1 that RAZAC sequences have favorable CM properties for both basic and enhanced sequence modulation. In the case of basic sequence modulation, only the upper tail of CM cdf exceeds slightly 1dB with RAZAC sequences.  
When considering enhanced sequence modulation, the whole CM cdf remains below 1 dB for the RAZAC sequences, and thus enhanced sequence modulation does not cause any CM penalty.  It can be also noted that CM remain at 1.5 dB or below also for the extended ZC sequences with enhanced sequence modulation.  In other words, enhanced sequence modulation with extended ZC sequences and consecutive cyclic shifts induces only a small, around 0.3 dB degradation in CM when compared to 1.0 dB. The use of RAZAC sequences provides additional improvement around 0.3 dB by reducing CM below 1 dB.
In Figure 2, cdf of the normalized cross-correlations is presented for the RAZAC sequences as well as for the extended and truncated ZC sequences. As can be easily seen from Figure 2, the differences in cross-correlation cdf between the RAZAC sequences and the extended and truncated ZC sequences are relatively small. By comparing to the cdfs and results presented in [1], the cross-correlation differences between the RAZAC, extended and truncated ZC sequences are practically negligible.
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Figure 1. Cdf of CM for extended and truncated Zadoff-Chu sequences as well as for the 12 presented RAZAC sequences. CM for both basic sequence modulation (1x) and enhanced sequence (2x) modulation are shown.
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Figure 2. Cdf of normalized cross-correlations between sequences for the 12 presented RAZAC sequences, extended and truncated Zadoff-Chu sequences. 
4. Conclusion

In this contribution, we addressed the CM properties of enhanced sequence modulation, which is needed in order to increase CQI size for periodic CQI.  
With presented results, we have shown that 

· CM properties of enhanced sequence modulation do not restrict the selection of cyclic shift pairs used in the MSM. 

· CM remains below 1.5 dB for extended Zhadoff-Chu sequences with MSM using consecutive cyclic shifts. Hence only a small, around 0.3 dB degradation in CM is caused by MSM.
· Enhanced sequence modulation can be implemented without a slightest degradation on the CM properties with a proper selection of sequences. The presented RAZAC sequences provide around 0.3 dB improvement over the extended ZC sequences with MSM and perform equally well as normal sequences. Hence we propose that RAZAC sequences should be selected for sequence modulation on PUCCH.
In addition, we have noted that such sequences can be easily found with a computer search by relaxing the requirement for the constant amplitude of sequences in time. We have also pointed out that alternative sequence sets can be created depending on the desired number of sequences, CM and cross-correlation properties.
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Figure 3 . Cdf of CM for  extended CAZAC  sequences for both basic sequence modulation (blue dashed line) and enhanced sequence (red solid line) modulation are shown
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Figure 4 . Cdf of CM for  RAZAC sequences for both basic sequence modulation (blue dashed line) and enhanced sequence (red solid line) modulation are shown
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Sheet1

		Sequences in frequency domain

		Sequence number:		1		2		3		4		5		6		7		8		9		10		11		12

		element 1		-1.8421 + 2.9338i		-3.3078 + 1.0284i		-3.4573 - 0.2169i		3.4631 - 0.0808i		3.3094 - 1.0242i		-3.0717 + 1.6014i		-3.4516 - 0.2941i		-1.1742 + 3.2590i		-2.4748 + 2.4237i		3.4393 + 0.4150i		-2.5134 + 2.3837i		0.8764 + 3.3516i

		2		-3.3733 - 0.7876i		-2.2071 + 2.6699i		2.4512 + 2.4478i		-1.1907 - 3.2532i		2.1439 - 2.7208i		-0.6411 - 3.4042i		-3.3564 - 0.8569i		2.1348 - 2.7279i		-0.1391 - 3.4613i		2.3261 + 2.5670i		-0.4392 - 3.4361i		1.8719 - 2.9148i

		3		1.1298 - 3.2747i		1.1880 + 3.2541i		-1.4140 - 3.1623i		-2.9304 + 1.8471i		-3.2786 + 1.1181i		0.1685 + 3.4601i		2.0761 + 2.7731i		-2.7479 - 2.1093i		-1.3996 + 3.1688i		-2.2590 + 2.6262i		-3.4632 + 0.0813i		1.0574 + 3.2988i

		4		3.4152 - 0.5791i		2.5330 + 2.3632i		-1.6652 + 3.0378i		2.6679 - 2.2096i		-2.9433 + 1.8271i		-3.1383 + 1.4666i		1.7459 + 2.9918i		-3.4628 + 0.0990i		-2.7723 - 2.0772i		2.7110 - 2.1565i		1.0491 - 3.3016i		2.9525 - 1.8121i

		5		2.5571 - 2.3367i		-0.7464 + 3.3828i		-3.1392 + 1.4652i		-2.2160 + 2.6626i		-2.5740 - 2.3183i		-0.7755 + 3.3762i		-2.7686 + 2.0821i		-0.6318 - 3.4060i		-2.9964 - 1.7379i		-3.2394 + 1.2274i		-3.4598 + 0.1672i		0.5258 - 3.4239i

		6		-1.2969 - 3.2122i		-2.1923 - 2.6821i		-2.8803 + 1.9245i		-3.4383 + 0.4215i		1.7109 + 3.0122i		-1.5769 - 3.0845i		-0.1615 + 3.4603i		1.3122 + 3.2058i		-1.2062 + 3.2472i		-3.4620 - 0.1164i		-2.9368 + 1.8369i		0.7071 - 3.3911i

		7		-1.6093 + 3.0676i		-3.3988 + 0.6698i		-2.4175 - 2.4813i		-1.7881 + 2.9668i		-2.0986 - 2.7560i		-3.2151 - 1.2896i		-1.6220 - 3.0607i		-3.3054 + 1.0366i		3.2248 + 1.2651i		-2.9977 + 1.7362i		2.3414 + 2.5531i		0.7066 + 3.3912i

		8		3.0602 - 1.6237i		1.4397 - 3.1507i		2.9314 - 1.8457i		-3.3492 - 0.8844i		-0.2140 - 3.4574i		-1.7938 + 2.9636i		-1.1837 + 3.2556i		-1.9548 + 2.8598i		-0.0259 - 3.4641i		1.8292 + 2.9419i		3.4330 - 0.4625i		0.8440 + 3.3595i

		9		-2.9260 - 1.8544i		-1.1808 - 3.2568i		3.3403 + 0.9183i		-3.4635 + 0.0696i		-1.2973 + 3.2120i		2.0610 - 2.7846i		-0.5307 - 3.4233i		-1.2831 - 3.2178i		0.1600 - 3.4605i		1.3307 + 3.1984i		0.4664 - 3.4326i		-1.9977 - 2.8299i

		10		1.6066 - 3.0691i		-0.7612 + 3.3794i		-1.7396 - 2.9956i		-3.0777 - 1.5900i		0.3113 - 3.4501i		1.5223 - 3.1116i		-3.0491 + 1.6446i		3.4488 - 0.3258i		2.1787 - 2.6932i		-3.3818 - 0.7499i		-0.8999 + 3.3452i		-1.7999 - 2.9599i

		11		-3.4631 - 0.0830i		-1.8302 - 2.9411i		0.7685 - 3.3780i		3.3607 + 0.8399i		-2.6397 - 2.2432i		3.3256 - 0.9693i		-3.4640 + 0.0203i		0.0788 - 3.4633i		3.4350 - 0.4484i		0.7561 + 3.3806i		-3.1352 - 1.4737i		-3.4131 + 0.5922i

		12		-2.8406 - 1.9825i		3.4475 + 0.3387i		-3.1319 - 1.4798i		0.4962 + 3.4285i		0.5104 - 3.4262i		-3.4034 - 0.6457i		2.8644 - 1.9484i		-0.9778 - 3.3233i		-3.2294 - 1.2534i		-0.3345 - 3.4479i		-1.0984 - 3.2853i		-1.5510 - 3.0972i

		Sequences in time domain

		Sequence number:		1		2		3		4		5		6		7		8		9		10		11		12

		element 1		-0.4652 - 1.0668i		-0.5847 + 0.4213i		-0.8628 - 0.4805i		-0.9555 + 0.3515i		-0.5883 - 1.0189i		-0.8782 - 0.2018i		-1.0751 + 0.5537i		-0.7136 - 0.6761i		-0.4371 - 0.7076i		-0.2735 + 0.9685i		-0.8880 - 0.4187i		0.0650 - 0.5363i

		2		-0.6029 + 0.8468i		-0.7533 + 0.8125i		-1.0533 - 0.7474i		1.1477 - 0.1690i		-0.1333 - 0.6125i		-0.7235 - 0.6603i		-0.7735 + 0.1370i		0.1173 - 1.1126i		-1.0505 - 0.8078i		1.0056 - 0.4610i		-0.6092 - 0.9029i		-0.0859 + 1.0255i

		3		-0.7843 + 1.0135i		-0.6815 - 0.4325i		-0.2010 + 1.1209i		0.7716 - 0.3400i		0.6754 - 0.4198i		-1.0098 + 0.0214i		-0.0608 - 0.5249i		-0.2890 + 0.6235i		0.4606 + 0.7898i		-0.4928 + 0.7539i		0.6539 + 1.1460i		-0.4652 + 1.2036i

		4		0.3846 - 0.6388i		-0.4175 - 1.0341i		-0.1548 + 0.9071i		0.3248 - 0.8770i		0.4631 + 0.8803i		0.9433 + 0.7193i		-0.3075 - 0.9468i		0.1974 + 1.2052i		-1.2049 + 0.0084i		0.1390 - 0.9688i		-0.8371 - 0.8085i		0.7308 - 0.9709i

		5		0.0325 + 1.1678i		-0.4910 + 0.3870i		-0.7638 + 0.4205i		1.0979 + 0.1388i		1.1742 - 0.2330i		-0.9111 + 0.1411i		-0.5222 - 1.2007i		-0.1116 + 1.0865i		1.0185 + 0.6479i		-0.4589 - 0.1170i		0.4704 + 1.0795i		0.0473 + 0.6309i

		6		0.0182 - 0.9057i		0.8116 - 0.9620i		-0.8376 + 0.3745i		0.7879 + 0.4669i		-0.6134 + 0.4870i		0.9023 + 0.7719i		0.2953 + 1.0346i		0.0258 + 0.9503i		0.0286 + 0.9948i		0.0891 + 1.1688i		0.4284 + 0.8797i		0.3966 + 0.8792i

		7		-0.5604 + 0.8089i		-0.9613 - 0.0651i		-0.1904 - 0.6620i		0.3598 + 1.0327i		-0.8415 + 0.3503i		0.6270 + 0.7675i		-0.5517 - 0.8708i		-0.7970 - 0.6407i		0.4286 + 0.9094i		-0.2215 + 1.1288i		-0.7393 + 0.4652i		-0.4391 + 1.2663i

		8		0.9307 + 0.6547i		-0.9770 - 0.2388i		0.6994 - 0.8691i		-0.2830 - 1.0707i		1.1771 + 0.4564i		-0.5971 + 0.4353i		-0.5641 + 1.1453i		0.0068 + 1.2566i		-0.2642 + 0.5074i		0.4944 - 0.7223i		-1.2444 + 0.4167i		-0.2644 + 0.8228i

		9		0.8253 + 0.4873i		-0.1580 + 1.0519i		-0.6933 - 0.6040i		0.1739 - 0.7187i		-0.9412 - 0.0989i		-0.1864 - 0.2726i		0.0031 + 0.9674i		-0.2982 + 0.6068i		-0.5423 - 0.2107i		0.6751 - 1.0403i		0.4119 + 0.5843i		0.5716 + 0.3981i

		10		-0.0960 + 0.4776i		0.2185 + 1.0627i		0.1226 + 0.9576i		-0.4679 + 0.3766i		0.7794 - 0.2552i		-1.2875 - 0.5540i		-0.3160 + 0.7188i		0.2835 - 1.0100i		-0.5570 - 1.1351i		0.8662 + 0.4851i		0.6288 + 0.4681i		-0.5552 - 0.7265i

		11		-0.7736 + 0.5900i		-0.4768 - 0.5135i		-0.2261 - 1.1440i		-0.6102 + 0.9787i		1.1268 - 0.4698i		-0.7849 - 0.2997i		-0.3301 - 0.6021i		-0.0304 + 1.1478i		-0.5533 + 0.4156i		0.9924 - 0.6183i		0.0051 - 0.3879i		1.0119 + 0.4088i

		12		-0.7510 - 0.5015i		1.1632 + 0.5390i		0.7038 + 0.5095i		1.1161 - 0.2506i		1.0311 - 0.0901i		0.8342 + 0.7333i		0.7510 - 0.7056i		0.4348 - 0.1783i		0.1982 + 1.0116i		0.6242 - 0.1624i		-0.7939 - 0.1378i		-0.1370 - 1.0499i
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