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1 Introduction
In NR system, UL control channel design is very important. This paper discusses NR uplink physical control channel (PUCCH) design in terms of transmission scheme, bit error rate, link budget, and cubic metric.
2 Background
Recent discussions on NR frame structure appear to favour those designs that PUCCH occupies only one OFDM symbol, as illustrated by the examples in Figure 1. Such designs have the merit of reduced PUCCH transmission latency, from LTE’s 14 OFDM symbols to NR’s 1 OFDM symbol. PUCCH may occupy the last symbol of a “UL-only” slot or the last symbol of a “DL-major” slot, as shown in Figure 1.
It is of paramount importance to design 1-symbol PUCCH for NR systems.
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Figure 1 Possible NR frame structures
3 Proposed methods
3.1 Design idea

We consider UE transmitting at most one SR bit and 2 ACK/NACK bits 
[image: image2.wmf] and 
[image: image3.wmf]. Any bit, if not present, is assumed to be zero. This corresponds to LTE PUCCH format 1/1a/1b.

Each UE is assigned a PUCCH resource 
[image: image4.wmf], where 
[image: image5.wmf] and 
[image: image6.wmf] determine the RBs and the phase shift used for PUCCH, respectively. Signals of different UEs are separated by (a) frequency division multiplexing (FDM) with different 
[image: image7.wmf] or (b) code division multiplexing (CDM) with different 
[image: image8.wmf].
We propose one coherent design and two noncoherent designs. By coherent design (CD), we mean that both DMRS and ACK/NACK data signals are transmitted so that eNB can coherently demodulate ACK/NACK. DMRS are ACK/NACK data signals are multiplexed in the same RBs using different orthogonal codes.

In contrast, noncoherent design means that only data sequence is transmitted and that the data sequence transmitted and/or the RB where it is transmitted represent ACK/NACK. In noncoherent design A (NDA), each UE is assigned four orthogonal sequences, each corresponding to a combination of ACK/NACK bits 
[image: image9.wmf] and 
[image: image10.wmf]. In noncoherent design B (NDB), each UE is assigned two orthogonal sequences. Bit 
[image: image11.wmf] decides which sequence to transmit, and bit 
[image: image12.wmf] determines the RB where the sequence is transmitted.
In both coherent and noncoherent designs, SR is represented by the RB where PUCCH is transmitted. Specifically, PUCCH is transmitted in an assigned RB if SR=0 or in the neighbouring RB if SR=1. 
We assume the number of subcarriers in a RB is 
[image: image13.wmf]. But please be noted that our designs are applicable as long as 
[image: image14.wmf] is a multiple of 4.
3.2 Coherent design (CD)

Let 
[image: image15.wmf] denote the number of RBs. ACK/NACK bits 
[image: image16.wmf] and 
[image: image17.wmf] are modulated into QPSK symbol 
[image: image18.wmf]. Let 
[image: image19.wmf] denote the frequency domain signal on RBs 
[image: image20.wmf]. They can be expressed as
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where 
[image: image22.wmf] is the all-zero vector of appropriate size. The DMRS and data signal are respectively given by


[image: image23.wmf]
where 
[image: image24.wmf], 
[image: image25.wmf] means element-wise product, and 
[image: image26.wmf] is a length
[image: image27.wmf] base sequence chosen to minimize cubic metric and inter-cell interference. For 
[image: image28.wmf], we can use LTE base sequence. The block diagram is shown in Figure 2.


[image: image29]
3.3 Noncoherent design A (NDA)

In NDA, 
[image: image30.wmf] is given by
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where 
[image: image32.wmf] is a length
[image: image33.wmf] base sequence. The phase shift vector 
[image: image34.wmf] is given by


[image: image35.wmf]
The block diagram is shown in Figure 3.
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3.4 Noncoherent design B (NDB)

Let 
[image: image37.wmf] denote the frequency domain signal on RB 
[image: image38.wmf]. The signal is expressed as


[image: image39.wmf]
where 
[image: image40.wmf] is a length
[image: image41.wmf] base sequence, and 
[image: image42.wmf] is given by


[image: image43.wmf]
The block diagram is shown in Figure 4.
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3.5 Extension to 2 UE antennas

The second UE antenna is assigned a different resource 
[image: image45.wmf], according to which the signal of the second antenna is constructed. One possible design is that 
[image: image46.wmf] and 
[image: image47.wmf] for CD and NDA. For NDB, we can choose 
[image: image48.wmf] such that the second antenna’s signal is near the opposite band edge of the first antenna. This way can maximize diversity if antenna correlation exists. The RB allocation is illustrated in Figure 5.
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Figure 5  PUCCH for 2 UE antennas
3.6 Spectral efficiency and code distance
In this subsection, we compare the NR designs in terms of spectral efficiency and code distance. As a reference, LTE (normal CP) with typical configuration multiplexes 18 UEs in 336 
[image: image50.wmf] REs, resulting in spectral efficiency of 0.05. The code distance, which indicates the multi-UE interference in frequency-selective channel, is 2. The NR design CD and NDB multiplex 3 UEs in 48 REs. The spectral efficiency is 0.06, slightly higher than that of LTE. The code distance is also 2, implying the multi-UE performance is comparable to LTE. For NDA, the spectral efficiency is half of that of CD and NDB. But as we will see in the simulation result, NDA can achieve better bit error rate performance. The discussion is summarized in Table 1. For 2 UE antennas, the spectral efficiency is half of that of 1 UE antenna (which is the same as LTE 2 UE antennas.)
Table 1 Spectral efficiency and code distance of 1 UE antenna
	Design
	Configuration
	No. of REs
	No. of UEs
	Code distance
	Spectral efficiency (UEs/REs)

	LTE
	Maximum
	336
	36
	1
	0.11

	
	Typical
	
	18
	2
	0.05

	
	Minimum
	
	12
	3
	0.04

	CD
NDB
	Maximum
	48
	6
	1
	0.13

	
	Typical
	
	3
	2
	0.06

	
	Minimum
	
	2
	3
	0.04

	NDA
	Maximum
	48
	3
	1
	0.06

	
	Typical
	
	/
	/
	/

	
	Minimum
	
	1
	3
	0.02


Observation 1. NR CD and NDB have slightly higher spectral efficiency than LTE. The multi-UE interference is the same as LTE.

Observation 2. NR NDA has about half of spectral efficiency of LTE. The multi-UE interference is the same as LTE.
4 Performance Evaluation

SR and ACK/NACK detection performance is presented in this section. Like LTE format 1a/1b, “SR presence or not” is differentiated by usage of different resource.
The simulation setting are given in Table 2.
Table 2 Simulation Settings
	Parameter
	Value

	No. of UEs
	1

	UE (Tx) antennas
	1, 2

	eNB (Rx) antennas
	2, 4, 8

	No. of ACK/NACK bits
	1 (BPSK), 2 (QPSK)

	Channel
	EPA

	Doppler frequency
	7.2Hz

	Antenna correlation
	Low, high

	Subcarrier spacing
	15KHz (normal CP)

	CFO
	0.1ppm

	Carrier frequency
	2GHz


4.1 Bit error rate

In this subsection, we compare the proposed NR PUCCH and LTE PUCCH in terms of the SR and ACK/NACK bit error rate performance in various settings. The SNR is defined as per-RE SNR. Since NR PUCCH designs and LTE PUCCH designs use different numbers of REs, for fair comparison we shift the curves of NR PUCCH designs so that their transmission energy is the same as that of LTE PUCCH with 1 UE antennas. The amount of SNR(dB) shift is given in Table 3.
Table 3  SNR(dB) shift
	UE antennas
	LTE
	CD and NDA
	NDB

	1
	0
	8.5
	11.5

	2
	-3 
	5.5
	8.5
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Figure 6 SR and ACK bit error rate performance. 1 bit ACK/NACK (BPSK), 1 UE antenna, low antenna correlation.
In Figure 6, we consider the scenario of 1 bit ACK/NACK (BPSK), 1 UE antenna, and low antenna correlation. From the figure, we can see that NDA and CD are basically the same as LTE. Compared to these designs, NDB has less diversity since it lacks frequency diversity. NDB shows the worst performance for 2 Rx antennas, but has comparable or even better performance when eNB has 4 and 8 antennas.
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Figure 7 SR and ACK bit error rate performance. 2 bits ACK/NACK (QPSK), 1 UE antenna, low antenna correlation.
Figure 7 shows the result of 2 bits ACK/NACK (QPSK). The observation is the same as that of 1 bit ACK/NACK (BPSK) in previous figure. In terms of ACK/NACK performance, we can see that CD still matches LTE, and NDA is about 2dB better than CD and LTE. This performance gain is achieved at the cost of reducing spectral efficiency (or number of UEs supported) by half.

Observation 3. After SNR shift, NR CD has essentially the same bit error rate as LTE for both BPSK and QPSK, and for both SR and ACK/NACK. 
Observation 4. After SNR shift, NR NDA has essentially the same SR bit error rate as LTE. Regarding ACK/NACK bit error rate, NR NDA is the same as LTE for BPSK and is about 2dB better than LTE for QPSK.
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Figure 8 SR and ACK bit error rate performance. 1 bit ACK/NACK (BPSK), 1 UE antenna, high antenna correlation.
Figure 8 shows the result of high antenna correlation. Compared with low antenna correlation in Figure 8, we can see that for all NR and LTE designs, antenna correlation significantly reduces diversity and thus bit error rate performance. In particular, NDB suffers most loss. It is worse than all other designs by 2dB even for 8 BS antennas. This observations suggest that the performance of NDB greatly relies on the channel condition.
Observation 5. NDB performs well when there are many (>8) eNB antennas and when channels are uncorrelated. Otherwise, NDB suffers significant performance loss.
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Figure 9 SR and ACK bit error rate performance. 1 bit ACK/NACK (BPSK), 1 and 2 UE antennas, low antenna correlation.
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Figure 10 SR and ACK bit error rate performance. 1 bit ACK/NACK (BPSK), 1 and 2 UE antennas, high antenna correlation.
Figure 9 and Figure 10 investigate the performance of 2 UE antennas in the cases of low and high antenna correlations, respectively. For clear presentation, we only shows CD and NDB. LTE and NDA are basically the same as CD. From Figure 9 where antenna correlation is low, we see that the extra transmit antenna exhibits marginal gain for 2 eNB antennas or even worse performance for 4 and 8 eNB antennas. The reason is that dividing transmit energy into 2 transmit antennas worsens channel estimation accuracy of each antenna. This degradation cannot be compensated by the extra transmit diversity when receive diversity is high enough. Figure 10 shows the case of high antenna correlation. In this case, 2 UE antennas are much more useful. Though for 8 BS antennas, 1 and 2 UE antennas are basically the same. For 2 and 4 eNB antennas, 2 UE antennas are better than 1 UE antennas by more than 2dB.
Observation 6. PUCCH using 2 UE antennas is useful in the case that channel does not have enough diversity, e.g. when there are few (<4) eNB antennas and when channels are correlated.
4.2 Link budget analysis
In this subsection, we analyse the link budge of the NR PUCCH. We use the NR CD as a benchmark. The settings are the same as those of Figure 6, i.e., Table 2 with 1 bit ACK/NACK (BPSK), 1 UE antenna, low antenna correlation. The SNR shift in Table 3 has been taken into account.
Table 4 Maximum Coupling Loss (MCL) Calculation

	
	

	Physical channel name
	LTE
	NR CD

	Transmitter
	
	

	(0) Max Tx power  (dBm)
	23
	23

	(1) Actual Tx power (dBm)
	23.0
	23.0

	Receiver
	 
	 

	(2) Thermal noise density (dBm/Hz)
	-174
	-174

	(3) Receiver noise figure (dB)
	5
	5

	(4) Interference margin (dB)
	0
	0

	(5) Occupied channel bandwidth (Hz)
	180000
	360000

	(6) Effective noise power
 = (2) + (3) + (4) + 10 log((5))  (dBm)
	 
-116.4
	-113.4

	(7) Required SINR (dB) (2,4,8 Rx antennas)
	-11.5
	-15.0
	-17.3
	-3.1
	-6.5
	-9.0

	(8) Receiver sensitivity
  = (6) + (7) (dBm)
	-127.9
	-131.4
	-133.7
	-116.4
	-119.8
	-122.3

	(9) MCL = (1) ( (8) (dB)
	150.9
	154.4
	156.7
	139.4
	142.8
	145.3


Table 5  the 5%-tile coupling loss(CL) in 3D-UMi/UMa environment
	
	3D-UMi (2GHz)
	3D-UMi (4.4GHz)
	3D-UMa (2GHz)
	3D-UMa (4.4GHz)

	ISD and carrier freq.
	200m & 2GHz
	200m & 4.4GHz
	500m & 2GHz
	500m & 4.4GHz

	5%-tile CL
	-121.4 dB
	-130.9 dB
	-133.9dB
	-140.5 dB


Table 6 Link budget Analysis

	
	
	3D-UMi (2GHz)
	3D-UMi (4.4GHz)
	3D-UMa (2GHz)
	3D-UMa (4.4GHz)

	
	
	-121.4 dB
	-130.9 dB
	-133.9dB
	-140.5 dB

	0dB interference margin
	1T2R: 139.4dB
	Y
	Y
	Y
	N

	
	1T4R: 142.8dB
	Y
	Y
	Y
	Y

	
	1T8R: 145.3dB
	Y
	Y
	Y
	Y

	3dB

interference margin
	1T2R: 136.4dB
	Y
	Y
	Y
	N

	
	1T4R: 139.8dB
	Y
	Y
	Y
	N

	
	1T8R: 142.3dB
	Y
	Y
	Y
	Y


We calculate the maximum coupling loss (MCL) in Table 4 following Table 5.2.1.2-2 of [1]. Comparing LTE and NR CD, we can see that the MCL of NR CD is about 11.5dB less than that of LTE. This 
[image: image56.wmf] MCL loss actually corresponds to using 1 OFDM symbol in NR instead of 14 OFDM symbols in LTE. 
Table 5 shows the 5%-tile coupling loss (CL) in 3D-UMi and 3D-UMa channel with carrier frequency 2GHz and 4.4GHz. Table 6 summarizes whether link budget is sufficient for these channels and carrier frequencies. In particular, 3D-UMa(4.4GHz) is very challenging. Eight receive antennas are barely enough to cover this scenario.
Observation 7. MCL of NR PUCCH is 11.5dB less than that of LTE. This corresponds to using only 1 OFDM symbol for transmission.
Observation 8. Eight eNB antennas are necessary for covering the 3D-UMa (4.4GHz) scenario.
4.3 Cubic metric

In this subsection, we examine the cubic metric of the NR PUCCH designs. We compute the cubic metric of all 30 LTE base sequences. The cubic metric of each sequence is shown in Figure 11 and the result is summarized in Table 7. For reference, the LTE 2-cluster PUSCH cubic metric is also shown in Table 8. From Table 7, we can see that LTE PUCCH shows very low cubic metric due to the special design of the base sequence. For NDB, the transmitting signal is basically the same as that of LTE PUCCH. Therefore, the cubic metric is the same as LTE. The mean cubic metrics of CD and NDA are respectively 1.6 and 1.8, about 1dB higher than those of LTE and NDB. But they are smaller than 2-cluser LTE PUSCH as shown in Table 8. Some sequences in NDA results in high cubic metric. From Figure 11 we can see that only 5 out 30 sequences have cubic metric higher than 2dB. We may redesign these base sequences for better cubic metric.
Observation 9. The cubic metric of CD and NDA are almost the same as LTE 2-cluster PUSCH.

Observation 10. The cubic metric of NDB is the same as LTE PUCCH.
Table 7 NR PUCCH Cubic Metric

	
	min
	mean
	max

	LTE
	0.2
	0.7
	1.2

	CD
	1.2
	1.6
	2.1

	NDA
	1.2
	1.8
	2.7

	NDB
	0.2
	0.7
	1.2


Table 8 2-Cluser LTE PUSCH Cubic Metric of QPSK modulation
	
	
	Subcarrier number

	
	
	12
	24
	72
	120

	Cluster distance
	0
	1.2
	1.2
	1.2
	1.3

	
	12
	\
	2.0
	2.0
	2.0

	
	60
	\
	2.0
	1.9
	1.9

	
	120
	\
	2.0
	2.0
	1.9
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Figure 11 Cubic metric of NR and LTE PUCCH designs
5 Conclusion
In this contribution, three 1-symbol NR PUCCH designs are analyzed. The comparison is summarized in Table 9. These designs provide different trade-off among BER, spectral efficiency, and cubic metric.
Table 9  Comparison of NR PUCCH deisngs
	
	BER
	Spectral efficiency
	Cubic metric

	CD
	ACK/NACK and SR are similar to LTE.
	Similar to LTE
	Similar to 2-cluser PUSCH; ~1.6dB.

	NDA
	SR is similar to LTE.

ACK/NACK is similar to LTE for BPSK, and is ~2dB better than LTE for QPSK.
	Half of LTE.
	Similar to 2-cluser PUSCH; ~1.8dB.

	NDB
	SR and ACK/NACK are [-3, 1]dB better than LTE; Work best when spatial diversity is high.
	Similar to LTE.
	Same as LTE PUCCH; ~0.7dB.


Moreover, from analysis of link budget, eight RX antenna may be required for 3D-UMa (4.4GHz scenario). In case one-symbol PUCCH does not work, multi-symbol PUCCH or TTI-bundling may be applied. To sum up, one-symbol PUCCH can work well in most of use cases.
Observation 11. NR CD and NDB have slightly higher spectral efficiency than LTE. The multi-UE interference is the same as LTE.

Observation 12. NR NDA has about half of spectral efficiency of LTE. The multi-UE interference is the same as LTE.

Observation 13. After SNR shift, NR CD has essentially the same bit error rate as LTE for both BPSK and QPSK, and for both SR and ACK/NACK. 

Observation 14. After SNR shift, NR NDA has essentially the same SR bit error rate as LTE. Regarding ACK/NACK bit error rate, NR NDA is the same as LTE for BPSK and is about 2dB better than LTE for QPSK.
Observation 15. NDB performs well when there are many (>8) eNB antennas and when channels are uncorrelated. Otherwise, NDB suffers significant performance loss.

Observation 16. PUCCH using 2 UE antennas is useful in the case that channel does not have enough diversity, e.g., when there are few (<4) eNB antennas and when channels are correlated.
Observation 17. MCL of NR PUCCH is 11.5dB less than that of LTE. This corresponds to using only 1 OFDM symbol for transmission.

Observation 18. Eight eNB antennas are necessary for covering the 3D-UMa (4.4GHz) scenario.

Observation 19. The cubic metric of CD and NDA are almost the same as LTE 2-cluster PUSCH.

Observation 20. The cubic metric of NDB is the same as LTE PUCCH.
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Figure � SEQ Figure \* ARABIC �3� Block diagram for noncoherent design A
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