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1. Introduction

In RAN1#50 Athens meeting, progress was made on multiplexing of control and data on PUSCH prior to the DFT to preserve the single-carrier nature of the uplink signal [1]. Some of the agreements relating to power setting, modulation selection, and control mapping are below:
· Same gain factor for control and data (same EPRE power for control and data prior to DFT) 
· Different coding rates for control is achieved by occupying different number of symbols

· The coding rate to use for the control signalling is given by the PUSCH MCS. The relation is expressed in a table.

· A table links each PUSCH MCS with a given coding rate for control signalling, i.e, the number of symbols to use for an ACK/NAK or a certain CQI/PMI size

· Data and the different control fields (ACK/NAK, CQI/PMI) are mapped to separate modulation symbols, i.e., a single symbol (QPSK/16QAM/64QAM) cannot contain both data and control

· For CQI, FFS which option to select

· the same constellation as used by PUSCH is used

· restrict the constellation 

· For ACK/NAK, the coding, scrambling and modulation should maximize the Euclidean distance

· For ACK/NAK (in case of FDD), a modulation symbol used for control signaling carries at most 2 bits of coded control information regardless of PUSCH modulation scheme

· FFS if PUSCH is power boosted to compensate for coding loss for data when control is transmitted

· Control signalling mapped such that it appears in both slots of a subframe
· Control signalling mapped to SC-FDMA symbols next to RS
In this contribution, we investigate the modulation selection for uplink control information (UCI) and the impact of constellation restriction for PUSCH with higher-order modulation (16-QAM or 64-QAM) on the UE transmit power. 
2. PUSCH with QPSK Modulation
With QPSK modulation for PUSCH, it is straightforward that the UCI (ACK/NAK, CQI/PMI) will also use QPSK (or BPSK – diagonally opposite QPSK constellation points - for 1 bit ACK/NAK) with the same average UCI constellation power as that for QPSK PUSCH. Thus, there is no impact on the UE transmit power for the SC-FDMA symbols containing UCI compared to SC-FDMA symbols not containing UCI.     
3. PUSCH with 16/64-QAM Modulation

With higher-order 16/64-QAM modulation for PUSCH, there are a number of options for the UCI modulation:

· unit-power QPSK constellation

· unit-power 16/64-QAM constellation (same as PUSCH, all constellation points equally likely)
· QPSK/16-QAM-like constellation obtained from selecting constellation subsets from 16/64-QAM constellation (i.e., constellation restriction) 

An possible issue with constellation restriction is that the average power of restricted constellation is not necessarily unity (same as that of PUSCH constellation). This result in control symbols having a different gain factor (constellation scaling factor, power offset) compared to PUSCH data which is against the RAN1#50 Athens agreement of same gain factor for control and data.  From [2], this power offset between control and data REs will impact cubic metric (CM) of uplink transmissions and should not be allowed. Thus, all QAM symbols (that are mapped to RE(s) before DFT spreading) should have the same average power. 
Further, the power offset (due to different constellation powers) for UCI and UL-SCH on PUSCH results in power difference between SC-FDMA symbol containing UCI and SC-FDMA symbol not containing UCI. Although the amount of power difference is dependent on the number of REs for UCI within a PUSCH SC-FDMA symbol, the power difference issue is further amplified by the agreement to map the UCI to SC-FDMA symbols next to RS’s (i.e., concentration of UCI to symbols around RS).  This power transition between LBs within a slot will require a finite transient duration or an inaccuracy in the transmit power due to the transmit-power change and possibly result in ACLR splatter due to switching transients and increased EVM [3].
The evaluated QPSK-like (4-valued) constellation restricted sets from 16-QAM are

A. Innermost square constellation: {
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[image: image5.wmf]5

2

; 
B. Rotated square constellation: {
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(same as QPSK) 
C. Outermost square constellation: 
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.
Other restricted constellation sets are also possible. The I and Q values of the restricted constellation can be interchanged, constellation negated, rotated or mirrored image about x/y axis without change in average constellation power or magnitude of the power transition.
Figure 1 shows the constellation diagrams for the restricted QPSK-like constellation from 16-QAM.
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	Constellation A (avg. power = 0.2)
	Constellation B (unit avg. power)
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	Constellation C (avg. power = 1.8)
	Constellation D (unit avg. power)


Figure 1. Restricted QPSK-like constellations from 16-QAM (scaled by
[image: image20.wmf]10

).
The magnitude of the power transitions for different fraction of control REs within a SC-FDMA symbol for constellation restrictions from 16-QAM are shown in Table 1.
Table 1. Magnitude of power transition between UCI and non-UCI containing SC-FDMA symbols due to constellation restriction from 16-QAM.
	Fraction of Control REs in a SC-FDMA Symbol 
	Restricted Constellation from 16-QAM

	
	A
	B
	C

	  1/36
	0.10 dB
	0 dB
	0.10 dB

	  1/24
	0.15 dB
	0 dB
	0.14 dB

	  1/12
	0.30 dB
	0 dB
	0.28 dB

	  1/6 
	0.62 dB
	0 dB
	0.54 dB

	  1/3 
	1.35 dB
	0 dB
	1.03 dB

	  1/2 
	2.22 dB
	0 dB
	1.46 dB

	  2/3 
	3.31 dB
	0 dB
	1.86 dB

	  5/6 
	4.77 dB
	0 dB
	2.22 dB

	1      
	6.99 dB
	0 dB
	2.55 dB


It can be the seen that the constellation restriction B has unit average constellation power and hence results in no power difference between UCI and non-UCI containing SC-FDMA symbols. Another possible QPSK-like constellation restriction with unit average power is 
D. Rectangle constellation: {
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However, the minimum distance between constellation points for restricted constellation D is smaller than that for constellation B. Hence constellation restriction B is preferred due to its larger minimum distance.
For 1-bit ACK/NACK, BPSK subsets with diagonally opposite constellation points can be selected. For example, {{
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} with unit constellation power.
For 64-QAM PUSCH modulation, some of the possible QPSK constellation restricted sets are

E. Outermost square constellation: {
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F. One level inside from outermost square constellation: {
[image: image37.wmf](

)

42

5

5

j

+

, 
[image: image38.wmf](

)

42

5

5

j

-

, 
[image: image39.wmf](

)

42

5

5

j

+

-

, 
[image: image40.wmf](

)

42

5

5

j

-

-

} with average power of 1.19 and minimum distance 
[image: image41.wmf]21

50


G. {
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H. {
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Other restricted constellation sets are also possible. The I and Q values of the restricted constellation can be interchanged, constellation negated, rotated or mirrored image about x/y axis without change in average constellation power or magnitude of the power transition.

Figure 2 shows the constellation diagrams for the restricted QPSK-like constellation from 64-QAM.
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	Constellation E (avg. power = 2.33)
	Constellation F (avg. power = 1.2)
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	Constellation G (unit avg. power)
	Constellation H (unit avg. power)


Figure 2. Restricted QPSK-like constellations from 64-QAM (scaled by
[image: image56.wmf]42

).
The magnitude of the power transitions for different fraction of control REs within a SC-FDMA symbol for constellation restrictions from 64-QAM are shown in Table 2.
Table 2. Magnitude of power transition between UCI and non-UCI containing SC-FDMA symbols due to constellation restriction from 64-QAM.

	Fraction of Control REs in a SC-FDMA Symbol
	Restricted Constellation from 64-QAM

	
	E
	F
	G, H

	1/36
	0.16 dB
	0.02 dB
	0.00 dB

	1/24
	0.23 dB
	0.03 dB
	0.00 dB

	1/12
	0.46 dB
	0.07 dB
	0.00 dB

	1/6
	0.87 dB
	0.14 dB
	0.00 dB

	1/3
	1.60 dB
	0.27 dB
	0.00 dB

	1/2
	2.22 dB
	0.40 dB
	0.00 dB

	2/3
	2.76 dB
	0.52 dB
	0.00 dB

	5/6
	3.25 dB
	0.64 dB
	0.00 dB

	1
	3.68 dB
	0.76 dB
	0.00 dB


As for the 16-QAM case, unit average constellation power case G, H results in no power difference between UCI and non-UCI containing SC-FDMA symbols. Of the two unit power constellation, constellation H is preferred due to its higher minimum distance.
Also, for 1-bit ACK/NACK, unit power BPSK subsets with diagonally opposite constellation points can be selected. e.g, {
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}. However, the constellation has a DC bias which can be reduced by alternating the constellation and constellation negative on a pair of control REs in same SC-FDMA symbol (DC bias can be eliminated for even number of control REs per SC-FDMA symbol).
Unit power restricted 16-QAM constellation sets from 64-QAM are also possible.
4. Conclusion
In this contribution, we investigated the modulation selection for uplink control information (UCI) when multiplexed with data on the PUSCH and the impact of constellation restriction with higher-order PUSCH modulation (16-QAM or 64-QAM) on the UE transmit power. 
It is observed that a unit average power constellation is required for control to prevent power offsets between control and PUSCH data REs. Thus, avoiding any increase in CM and/or power transition between control LBs and data-only LBs and possibly associated ACLR splatter and increased EVM. This avoids (per RAN4 LS [2]

 REF _Ref187411762 \r \h 
[3] on UE transmission power adjustments) need for a finite transient duration or  inaccuracy in the transmit power due to the transmit-power change.
It is thus proposed that the UCI (both CQI/PMI, ACK/NACK) constellation be of unit average power resulting in the following options, with all constellation points equally likely:

· same constellation as PUSCH 

· unit-power BPSK/QPSK constellation

· unit-power restricted constellation set from PUSCH constellation. 
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