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Introduction
The introduction of Pi/2 BPSK modulation for PUSCH in Rel. 15 enabled the use of lower PAPR UL waveforms relative to QPSK and QAM. However, the full benefit of BPSK could not be realized due to the DMRS of these waveforms which used a higher PAPR Zadoff-Chu sequence. In [1] a WI was initiated to investigate the use of different modulation schemes for DMRS to lower its PAPR to be closer to that of the PUSCH Pi/2 BPSK modulation. 
Discussion
In [2,3,4,5] several agreements were made pertaining to DMRS using pi/2 BPSK modulation. Some of the major agreements are captured below:
· For PUSCH/PUCCH DMRS for pi/2 modulation, new DMRS sequences are specified in Rel.16 to reduce the PAPR to the same level as for data symbols
· For sequences with length 30 or larger, DMRS for π/2 BPSK modulation for PUSCH is generated based on Gold-sequence followed by π/2 BPSK modulation followed by transform precoding resulting in a DMRS Type 1 comb structure. 
· For sequences with length 30 or larger, DMRS for π/2 BPSK modulation for PUCCH is generated based on Gold-sequence followed by π/2 BPSK modulation followed by transform precoding.
· For sequences with allocation length 12,18 and 24 CGS is used for DMRS for π/2 BPSK modulation in case of PUSCH and PUCCH 

· For sequence with allocation length 6 CGS 8PSK modulation is used in case of PUSCH and PUCCH 

· For the case of CGS sequence in case of two adjacent symbol DMRS, the same CGS sets are used for both single and two symbol DMRS for pi/2 BPSK modulation.


Similar to Rel. 15 the Gold code or CGS sequences after modulation are passed through a filter having an impulse response given in section 6.4.2.4.1 of TS38.101-1. A Slot can have up to 4 DMRS symbols.
The performance of two SCS=30kHz, BW=20MHz and RB allocations =[0 50] waveforms having all symbols of either Zadoff-Chu or Pi/2 BPSK DMRS are compared when passed through a typical sub6 PA.

The PAPRs of the 2 input waveforms are given below:

	Waveform
	DMRS
	Signal Bandwidth (MHz)
	PAPR (dB)

	1
	Zadoff-Chu
	20
	4.0

	2
	Pi/2 BPSK
	20
	2.5



Each of these waveforms were created by filtering the modulated DMRS/PUSCH data with a 3-tap filter having coefficients [-0.26 0.93 -0.26] prior to sub-carrier mapping. The Pi/2 BPSK DMRS waveform was created using a Gold code sequence of length 31.
The PA ACLR, EVM, SEM and spur performance at the UE antenna is given below:

	
	Zadoff-Chu
	
	Pi/2 BPSK

	Pwr Antenna (dBm)
	DMRS EVM (dBc)
	ACLR (dB)
	SEM margin (dB)
	Spur margin (dB)
	Pwr Antenna (dBm)
	DMRS EVM (dBc)
	ACLR (dB)
	SEM margin (dB)
	Spur margin (dB)

	16.1
	-29.9
	 43.3
	23.4
	31.0
	16.1
	-45.3
	51.2
	31.8
	47.2

	18.0
	-30.2
	43.3
	21.9
	29.6
	18
	-46.4
	52.3
	31.0
	44.4

	19.8
	-30.2
	43.0
	19.9
	24.4
	19.9
	-48.3
	54.1
	30.2
	46.0

	21.6
	-26.5
	39.0
	13.8
	18.1
	21.8
	-45.7
	51.4
	26.6
	39.9

	23.1
	-20.3
	32.7
	5.6
	16.1
	23.5
	-37.5
	43.3
	17.0
	34.8

	24.1
	-14.2
	26.8
	-1.6
	9.0
	24.8
	-30.7
	36.7
	8.9
	27.9

	24.6
	-10.9
	23.6
	-5.0
	4.6
	25.3
	-24.3
	30.8
	2.1
	15.9

	24.7
	-9.8
	22.4
	-6.2
	0.7
	25.4
	-24
	30.4
	1.6
	15.8



The ACLR was compared to a specification of 30dBc, the EVM to a specification of 30% while the SEM and spur levels were compared against the values in TS38.101-1 tables 6.5.2.2.-1 and 6.5.3.1-2 respectively. Figure 1 illustrates the EVM for the DMRS symbols for increasing PA power while figure 2 illustrates the DMRS ACLR performance. As can be seen for a given PA power the DMRS EVM is ~10dB lower with Pi/2 BPSK modulation compared to Zadoff-Chu modulation while the ACLR is also ~5-7dB larger for Pi/2 BPSK. For this PA the Zadoff-Chu waveform fails the ACLR spec for power levels greater than 23.5dBm. 


Figure 1 – EVM for Pi/2 BPSK and Zadoff-Chu DMRS 


Figure 2 – ACLR for Pi/2 BPSK and Zadoff-Chu DMRS 

Figure 3 and 4 shows the impact of DMRS EVM and ACLR as a function of the PA power for a 3-tap filter, [-c 1 -c] where the coefficient, c, is varied from -0.05 to -0.3.  For all coefficients the EVM pass the spec while the ACLR fails for the lower filter tap coefficients at power levels exceeding ~24.5dBm.


Figure 3 – EVM for Pi/2 BPSK as a function of 3 tap filter coefficients [-c 1 -c] 


Figure 4 – ACLR for Pi/2 BPSK as a function of 3 tap filter coefficients [-c 1 -c] 

The EVM and ACLR performance of a SCS=120kHz waveform having a BW=100MHz and RB allocation of [0 64] shaped using a 3 tap filter=[-0.26 0.93 -0.26] having all DMRS symbols in a slot was compared for both Pi/2 BPSK and Zadoff-Chu modulations as a function of the PA output power when passed through a typical mmWave PA. The results given in figure 5 indicate that the waveform having a Pi/2 BPSK modulated DMRS gives approximately a 15dB improvement in EVM compared with the Zadoff-Chu modulated signal. It is seen that the Zadoff-Chu waveform fails the EVM spec at power levels exceeding 23dBm. Also, figure 6 shows that the ACLR of the Pi/2 BPSK signal is ~8-10dB better than that of the Zadoff-Chu signal.


Figure 5 – EVM for Pi/2 BPSK and Zadoff-Chu DMRS 

Figure 6 – ACLR for Pi/2 BPSK and Zadoff-Chu DMRS 
Conclusion: The waveform having Pi/2 BPSK modulated DMRS has better EVM and ACLR performance compared with the Zadoff-Chu modulated DMRS waveform.

In RAN1 there will be UE signaling capability bit that indicates the support of Pi/2 BPSK DMRS. When this bit is set to 1 the eNB will use RRC signaling to indicate to the UE whether to use Rel-15 Zadoff-Chu DMRS or Pi/2 BPSK. When set to 0 only Zadoff-Chu DMRS will be signaled. Benefit of this new DMRS should result in  better UE EVM and ACLR capability and hence lower interference and better transmit signal quality. 
Conclusion
The newly defined DMRS created using Pi/2 BPSK modulation was simulated with Pi/2 BPSK PUSCH data and was seen to have better EVM and ACLR compared to a similar waveform having a Zadoff-Chu modulated DMRS both for  sub-6 and mmWave PAs.
Conclusion: The waveform having Pi/2 BPSK modulated DMRS has better EVM and ACLR performance compared with the Zadoff-Chu modulated DMRS waveform.
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DMRS EVM, Spectrum Shaping [0,50]

ZC	16.067904071657701	17.9541939071276	19.8359699853842	21.604874324882498	23.088091753476299	24.050295735369701	24.5798877671897	24.748392872776101	-29.9	-30.2	-30.2	-26.5	-20.3	-14.2	-10.9	-9.8000000000000007	Pi/2 BPSK	16.100000000000001	18	19.899999999999999	21.8	23.5	24.8	25.3	25.4	-45.3	-46.4	-48.3	-45.7	-37.5	-30.7	-24.3	-24	Spec	14	15.9	17.899999999999999	19.7	21.6	23.5	25.4	27.3	29	30.3	30.8	30.9	-10.457574905606752	-10.457574905606752	-10.457574905606752	-10.457574905606752	-10.457574905606752	-10.457574905606752	-10.457574905606752	-10.457574905606752	-10.457574905606752	-10.457574905606752	-10.457574905606752	-10.457574905606752	Power_antenna (dBm)


EMV(dBc)




DMRS ACLR, Spectrum Shaping [0,50]

ZC	16.067904071657701	17.9541939071276	19.8359699853842	21.604874324882498	23.088091753476299	24.050295735369701	24.5798877671897	24.748392872776101	43.267425677000901	43.281723671149102	42.980647663160397	39.032940362919419	32.726103716276256	26.799615745317752	23.578845601393741	22.437897242811282	Pi/2 BPSK	16.100000000000001	18	19.899999999999999	21.8	23.5	24.8	25.3	25.4	51.2	52.3	54.1	51.4	43.3	36.700000000000003	30.8	30.4	Spec	16.100000000000001	18	19.899999999999999	21.8	23.5	24.8	25.3	25.4	30	30	30	30	30	30	30	30	Power _antenna (dBm)


ACLR(dBc)




DMRS Pi/2 BPSK EVM vs PA output power,  [-c 1 -c]

c=-0.05	16.112491247667901	17.980898858007802	19.8792562383186	21.737912029935501	23.407432024823901	24.651480575805198	25.210025481355899	25.3380123463747	-42.8	-43.8	-43.9	-38.5	-31.6	-25.9	-22.9	-21.2	c=-0.1	16.112491247667901	17.980898858007802	19.8792562383186	21.737912029935501	23.407432024823901	24.651480575805198	25.210025481355899	25.3380123463747	-44.3	-45.2	-45.8	-40.9	-33.9	-27.8	-24.4	-22.4	c=-0.15	16.112491247667901	17.980898858007802	19.8792562383186	21.737912029935501	23.407432024823901	24.651480575805198	25.210025481355899	25.3380123463747	-45.8	-46.7	-47.9	-43.7	-36.5	-30	-25.8	-23.8	c=-0.2	16.112491247667901	17.980898858007802	19.8792562383186	21.737912029935501	23.407432024823901	24.651480575805198	25.210025481355899	25.3380123463747	-46.9	-48	-49.6	-46.2	-38.700000000000003	-31.9	-26.5	-25.1	c=-0.25	16.112491247667901	17.980898858007802	19.8792562383186	21.737912029935501	23.407432024823901	24.651480575805198	25.210025481355899	25.3380123463747	-46.5	-47.6	-49.5	-46.8	-38.700000000000003	-31.8	-25.6	-24.9	c=-0.3	16.112491247667901	17.980898858007802	19.8792562383186	21.737912029935501	23.407432024823901	24.651480575805198	25.210025481355899	25.3380123463747	-44.2	-45.3	-47.2	-44.7	-36.5	-29.7	-23.3	-22.9	Spec	16.112491247667901	17.980898858007802	19.8792562383186	21.737912029935501	23.407432024823901	24.651480575805198	25.210025481355899	25.3380123463747	-10.4	-10.4	-10.4	-10.4	-10.4	-10.4	-10.4	-10.4	Power_antenna (dBm)


EVM (dB)




DMRS Pi/2 BPSK ACLR vs PA output power,  [-c 1 -c]

c=-0.05	16.112491247667901	17.980898858007802	19.8792562383186	21.737912029935501	23.407432024823901	24.651480575805198	25.210025481355899	25.3380123463747	43.811426036411298	44.502491124608696	44.8589051982078	40.514845690115997	33.808060193995622	27.92286878138637	24.173289045829598	21.978271844336049	c=-0.1	16.112491247667901	17.980898858007802	19.8792562383186	21.737912029935501	23.407432024823901	24.651480575805198	25.210025481355899	25.3380123463747	45.139930943533201	46.008819099376097	46.7968694983118	42.688495304715104	35.721057771746082	29.453192019924096	25.383716087020112	23.574507419136772	c=-0.15	16.112491247667901	17.980898858007802	19.8792562383186	21.737912029935501	23.407432024823901	24.651480575805198	25.210025481355899	25.3380123463747	46.651985490986299	47.652678086701101	48.8090913154305	45.064480919173903	37.805787787859153	31.276159044507409	26.75631652643138	25.35256510823864	c=-0.2	16.112491247667901	17.980898858007802	19.8792562383186	21.737912029935501	23.407432024823901	24.651480575805198	25.210025481355899	25.3380123463747	48.377681870475399	49.456163302744599	50.936396790699199	47.679590468057199	40.061807289653402	33.380462034189478	28.244918779869721	27.234872957485962	c=-0.25	16.112491247667901	17.980898858007802	19.8792562383186	21.737912029935501	23.407432024823901	24.651480575805198	25.210025481355899	25.3380123463747	50.190897417068598	51.281374846718201	52.9494653917912	50.119142837245505	42.211153668756801	35.525292538103614	29.821757704057017	29.133694173185713	c=-0.3	16.112491247667901	17.980898858007802	19.8792562383186	21.737912029935501	23.407432024823901	24.651480575805198	25.210025481355899	25.3380123463747	51.896240150982095	52.960971205949804	54.698527156988298	52.078291521745797	44.033161434429601	37.37680426608599	31.359940245258802	30.849090862062628	Spec	16.112491247667901	17.980898858007802	19.8792562383186	21.737912029935501	23.407432024823901	24.651480575805198	25.210025481355899	25.3380123463747	30	30	30	30	30	30	30	30	Power_antenna (dBm)


ACLR (dB)




DMRS EVM, Spectrum Shaping  [0,64], BW=100MHz 

ZC	15.4665412126452	17.185004371371999	18.782620936047302	20.217233458194698	21.444039449300998	22.428819438576099	23.166213835333899	23.675978188769299	23.974541612644401	24.148773452094002	24.298731014832601	-27.9	-24.6	-21.4	-18.3	-15.4	-12.7	-10.6	-9.3000000000000007	-8.4	-7.9	-7	Pi/2 BPSK	15.596453378565601	17.370409226235299	19.042481891444499	20.5709168556569	21.903335315691301	22.982996248691201	23.768308654942199	24.264715850985201	24.524151055610801	24.548503957216699	24.535879690619399	-44.2	-40.9	-37.6	-34.4	-31.2	-28.4	-25.9	-24.3	-23.8	-23.4	-23.1	Spec	15.596453378565601	17.370409226235299	19.042481891444499	20.5709168556569	21.903335315691301	22.982996248691201	23.768308654942199	24.264715850985201	24.524151055610801	24.548503957216699	24.535879690619399	-10.4	-10.4	-10.4	-10.4	-10.4	-10.4	-10.4	-10.4	-10.4	-10.4	-10.4	Power_antenna (dBm)


EVM (dBc)




DMRS ACLR, Spectrum Shaping  [0,64], BW=100MHz 

ZC	15.4665412126452	17.185004371371999	18.782620936047302	20.217233458194698	21.444039449300998	22.428819438576099	23.166213835333899	23.675978188769299	23.974541612644401	24.148773452094002	24.298731014832601	41.4292898162185	38.146668070017547	34.899399585411061	31.733673799941158	28.720542051142939	25.97688218054666	23.674325969213321	21.860622806273831	20.37833318984935	19.256837709736001	17.774134276319202	Pi/2 BPSK	15.596453378565601	17.370409226235299	19.042481891444499	20.5709168556569	21.903335315691301	22.982996248691201	23.768308654942199	24.264715850985201	24.524151055610801	24.548503957216699	24.535879690619399	49.040325990564099	45.814060291761798	42.580439662857103	39.398729442668781	36.338780151726809	33.515765874306148	31.145594209526241	29.623451079265095	29.114081755836935	28.754158095310022	28.302229273158471	Spec	15.596453378565601	17.370409226235299	19.042481891444499	20.5709168556569	21.903335315691301	22.982996248691201	23.768308654942199	24.264715850985201	24.524151055610801	24.548503957216699	24.535879690619399	17	17	17	17	17	17	17	17	17	17	17	Power_antenna (dBm)


ACLR (dBc)
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