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[bookmark: _Ref4817] Introduction 
In RAN1#104-e, it was agreed to take residual frequency error into account when performing evaluation on joint channel estimation [1]. 
	Agreements:
· For joint channel estimation.
· Take into account the residual frequency error, e.g., +/- 0.1 ppm as upper bound. 
· Companies can report other values and frequency error model.



Based on RAN4 agreements in [2], it is agreed in RAN4 that the tolerance of phase continuity and amplitude consistency for joint channel estimation will be further investigated.
[bookmark: _GoBack]In this contribution, we provide some evaluation results regarding the tolerance of phase continuity and amplitude consistency for joint channel estimation for PUSCH and PUCCH transmissions. Note that, this contribution is a re-submission of R1-2106744 in RAN1#106-e. 
 Evaluation results
1.1 Impacts of residual frequency error
· Evaluation model




Denote  as the baseband signal and  as the signal after modulation to the carrier frequency. Then,  can be given as

                        


Assuming the residual frequency error (RFE) due to imperfect oscillator at the receiver is , the received signal  after demodulation to the carrier frequency would be:




Regarding, Uniform distribution with [-0.1,+0.1] ppm is assumed in our simulation. For PUSCH/PUCCH transmissions with repetition, the RFE is added per repetition basis. That is, for each repetition, a separate RFE is randomly generated from a uniform distribution and added to (multiplied by ) the received time domain signal. 
· Evaluation results of PUSCH
The simulation results for cross-slot joint channel estimation with and without RFE for PUSCH are given in this section. PUSCH with 8 repetitions are provided, and no frequency error correction at receiver side is assumed in our simulations.
In Figure 1 and Figure 2, the performance impact with taking RFE into account is provided for 700MHz Rural scenario and 4GHz Urban scenario respectively. The detailed simulation assumptions are provided in Table A-1 in the appendix.

Figure 1. Performance of joint channel estimation for PUSCH w/ or w/o RFE in 700MHz Rural scenario
As can be observed in Figure 1, the performance difference between the case with or without RFE in 700MHz Rural scenario is very small. That is, the performance impact due to RFE is negligible in 700MHz Rural scenario.
Observation 1: The performance impact due to residual frequency error for joint channel estimation for PUSCH is negligible in 700MHz Rural scenario. 


Figure 2. Performance of joint channel estimation for PUSCH w/ or w/o RFE in 4GHz Urban scenario
As can be observed in Figure 2, the performance degradation due to RFE in 4GHz Urban scenario is very large under the used simulation assumptions. At target BLER of 0.1, the performance degradation is about 4 dB, and it would get larger with a lower BLER target. 
Observation 2: The performance impact due to residual frequency error for joint channel estimation for PUSCH could be significant in 4GHz Urban scenario, with about 4 dB performance loss @BLER = 0.1 observed.
· Evaluation results of PUCCH
The simulation results for joint channel estimation with and without RFE for PUCCH are shown in Figure 3 and Figure 3 for 700MHz and 4GHz respectively. No frequency error correction at receiver side is assumed in our simulations.
[image: ]
Figure 3: Performance of joint channel estimation for PUCCH w/ or w/o RFE in 700MHz Rural scenario
In 700MHz Rural scenario, 8 PUCCH repetitions are assumed, and different bundle size (BS) are simulated. When the BS=1, it means no joint channel estimation is applied. BS = {1,2,4,8} are simulated when frequency hopping (FH) is disabled, while BS = {2,4} when FH is enabled. From the simulation results shown in Figure 3, the performance degradation due to RFE is negligible for all simulated cases in 700MHz Rural scenario. 

Observation 3: The performance impact due to residual frequency error for joint channel estimation for PUCCH is negligible in 700MHz Rural scenario. 
[image: ]
Figure 4: Performance of joint channel estimation for PUCCH w/ or w/o RFE in 4GHz Urban scenario
In 4GHz Urban scenario, 4 repetitions are assumed and different bundle size are simulated. BS = {1,2} are simulated when FH is disabled, while BS=2 when FH is enabled. From the simulation results shown in Figure 4, the performance degradation due to RFE is significant. About 1~2.5dB performance loss is observed @ BLER=0.01 in our simulation for the simulated cases. 
Observation 4: The performance impact due to residual frequency error for joint channel estimation for PUCCH is significant in 4GHz urban scenario, with about 1~2.5dB performance loss @BLER = 0.01 observed.
1.2 Phase tolerance level
Given the potential large impact due to RFE, the acceptable tolerance from network performance perspective should be evaluated in a quantitative manner. In this section, the simulation cases listed in Table 1 are evaluated to check the impacts of phase discontinuity on the PUSCH performance and detailed simulation assumptions are listed in the appendix.
Table 1. Evaluation cases for phase continuity
	Configurations
	Simulation cases

	Phase discontinuity across 2 repetitions
700MHz/4GHz
	2 repetitions 
Phase error for the first repetition: 0o
Relative phase error for the second repetition : 10o: 20o: 150o. The baseline is when the relative phase error is 0o. 


Preliminary simulation results for PUSCH at 700MHz and 4GHz are provided in Figure 5 and Figure 6 respectively. It can be found that phase error could cause significant performance degradation for PUSCH, and the acceptable phase error between different repetitions should be at least within 30o for both 700MHz and 4GHz. 

Figure 5. The performance impact of phase error on joint channel estimation for PUSCH for 700MHz 

Figure 6. The performance impact of phase error on joint channel estimation for PUSCH for 4GHz 
Observation 5: Phase error could cause significant performance degradation for PUSCH, and the acceptable phase error between different repetitions should be at least within 30o for 700MHz and 4GHz.
Proposal 1: The acceptable phase error between different repetitions for PUSCH should be at least within 30o for both 700MHz and 4GHz.
1.3 Amplitude tolerance level
In this section, the performance impact of power inconsistency (i..e., amplitude tolerance) across different repetitions is evaluated. The simulation results for the cases listed in Table 2 are provided. Detailed simulation assumptions are listed in the appendix.
Table 2. Evaluation cases for phase continuity
	Configurations
	Simulation cases

	Power inconsistency across 2 repetitions
700MHz/4GHz
	2 repetitions 
Amplitude error for the first repetition: 0o
Relative amplitude error for the second repetition :  0dB: 0.5dB: 2dB, where the baseline is when the relative amplitude error is 0. 



Preliminary simulation results for PUSCH at 700MHz and 4GHz are provided in Figure 7 and Figure 8 respectively. It can be found that 0.5dB amplitude error will cause large performance degradation (e..g at least 1.5-2dB deterioration @10% BLER), the acceptable amplitude error between different repetitions should be less than 0.5dB.

Figure 7. The performance impact of amplitude error on gNB receiver performance for 700MHz

Figure 8. The performance impact of amplitude error on gNB receiver performance for 4GHz

Observation 6: Amplitude error could cause significant performance degradation for PUSCH, and 0.5dB amplitude error could cause about 1.5-2dB deterioration at 10% BLER for both 700MHz and 4GHz.
Proposal 2: The acceptable amplitude error between different repetitions should be at least less than 0.5dB for both 700MHz and 4GHz.
 Conclusion
According to the analysis given above, we have the following observations and proposals:
Observation 1: The performance impact due to residual frequency error for joint channel estimation for PUSCH is negligible in 700MHz Rural scenario. 
Observation 2: The performance impact due to residual frequency error for joint channel estimation for PUSCH could be significant in 4GHz Urban scenario, with about 4 dB performance loss @BLER = 0.1 observed.
Observation 3: The performance impact due to residual frequency error for joint channel estimation for PUCCH is negligible in 700MHz Rural scenario. 
Observation 4: The performance impact due to residual frequency error for joint channel estimation for PUCCH is significant in 4GHz urban scenario, with about 1~2.5dB performance loss @BLER = 0.01 observed.
Observation 5: Phase error could cause significant performance degradation for PUSCH, and the acceptable phase error between different repetitions should be at least within 30o for 700MHz and 4GHz.
Proposal 1: The acceptable phase error between different repetitions for PUSCH should be at least within 30o for both 700MHz and 4GHz.
Observation 6: Amplitude error could cause significant performance degradation for PUSCH, and 0.5dB amplitude error could cause about 1.5-2dB deterioration at 10% BLER for both 700MHz and 4GHz.
Proposal 2: The acceptable amplitude error between different repetitions should be at least less than 0.5dB for both 700MHz and 4GHz.
 Reference
3GPP RAN1#105-e, Chairman’s notes. 
3GPP RAN4#99-e, R4-2107881 WF on phase continuity and power consistency for PUCCH and PUSCH repetition, RAN4.
[bookmark: OLE_LINK6]Appendix-Simulation assumption
Table A-1 Simulation assumption for performance impacts of residual frequency error for PUSCH
	Parameter
	Value

	Carrier frequency
	700MHz / 4GHz

	Channel model
	TDL-C (delay spread: 300ns) as in 38.901 for Rural scenario and Urban scenario

	UE speed
	3 km/h 

	BS antenna configuration
	4Rx 

	UE antenna configuration
	1 Tx

	Sub-carrier spacing
	Fc = 4GHz, 30kHz for TDD, 
Fc = 700MHz, 15kHz for FDD.

	Occupied RB
	4

	MCS
	0/1/4

	Waveform 
	DFT-s-OFDM

	Number of OS per repetition
	14 (PUSCH mapping type A)

	DMRS overhead 
	2 DMRS symbols

	Number of repetitions
	8 

	Frequency hopping 
	Enabled 

	Channel estimation
	Practical

	Receiver type
	MMSE

	Frequency offset model
	Uniform distribution with [-0.1, +0.1] ppm




Table A-2 Simulation assumption for performance impacts of residual frequency error for PUCCH
	Parameter
	Value

	PUCCH format 
	Format 3,  11bits

	PUCCH duration
	14 OS

	Number of PRBs
	1 PRB

	Antenna configuration
	1Tx , 2Rx

	DMRS configuration 
	Additional DMRS is not configured

	SCS
	Fc = 4GHz, 30kHz for TDD, 
Fc = 700MHz, 15kHz for FDD.

	Repetitions
	4,8

	Bundle size(BS) for joint CE
	1,2,4,8

	FH
	Enabled/ disabled

	Channel model
	TDL-C, 300ns

	UE speed
	3km/h

	FO
	+/- 0.1ppm, uniform distribution


 
Table A-3 Simulation assumption for phase tolerance level and amplitude tolerance level for PUSCH
	Parameters
	Values

	Scenario
	Urban , O2I
	Rural, O2I

	Duplexing scheme and frequency
	4GHz TDD 
	700MHz FDD

	Frame structure for TDD
	DDDSUDDSUU (S: 10D:2G:2U) for 4GHz 

	Transmission bit rate for data channel (bit/s)
	1 Mbps for eMBB
	100 kbps for eMBB

	Subcarrier spacing
	30kHz
	15kHz 

	Channel model for link-level simulation
	TDL-C 
	TDL-C

	Pathloss model (select from LoS or NLoS)
	NLos
	NLos

	Delay Spread
	300ns
	300ns

	UE velocity
	3 km/h
	3 km/h for O2I

	Number of RF chains for BS
	4
	4 

	Number of UE antennas
	1 
	1

	Number of RF chains for UE
	1
	1

	Number of occupied RBs
	15
	4

	MCS
	MCS4
	MCS2

	DMRS overhead
	Type I, 2 DMRS symbol (one front- loaded and one additional), no multiplexing data

	Frequency hopping
	Disabled

	Channel estimation
	Practical

	Receiver type
	MMSE

	BLER Target 
	10%  iBLER for eMBB

	Waveform
	DFT-s-OFDM 

	Number of repetitions
	2 repetitions with JCE



Rma_700MHz_O2I
w/ joint channel estimation, w/o RFE, MCS1	-20	-18	-16	-14	-12	0.77662	0.44916	0.19376	0.06245	0.02162	w/ joint channel estimation, w/ RFE, MCS1	-20	-18	-16	-14	-12	0.78062	0.47398	0.20176	0.07126	0.02242	Case 1:DMRS pattern 1 w/o joint channel estimation w/o RFE, (Baseline 1, MCS0)	-20	-18	-16	-14	-12	0.95997	0.78143	0.45156	0.17694	0.05284	Case 1:DMRS pattern 1 w/o joint channel estimation w/ RFE, (Baseline 1, MCS0)	-20	-18	-16	-14	-12	0.96397	0.78383	0.43395	0.17854	0.05524	Case 2:DMRS pattern 2 w/o joint channel estimation w/o RFE, (Baseline 2, MCS1)	-20	-18	-16	-14	-12	0.94876	0.7454	0.40913	0.15773	0.05444	Case 2:DMRS pattern 2 w/o joint channel estimation w/ RFE, (Baseline 2, MCS1)	-20	-18	-16	-14	-12	0.95356	0.73899	0.41553	0.16493	0.05524	Case 3:DMRS pattern 1 w/ joint channel estimation, w/o DMRS optimization, w/o RFE, MCS0	-20	-18	-16	-14	-12	0.67574	0.34988	0.15052	0.05524	Case 3:DMRS pattern 1 w/ joint channel estimation, w/o DMRS optimization, w/ RFE, MCS0	-20	-18	-16	-14	-12	0.69416	0.36109	0.14412	0.04564	Case 5:DMRS pattern 3 w/ joint channel estimation, w/ DMRS optimization, w/o RFE, MCS0	-20	-18	-16	-14	-12	0.73979	0.43155	0.16894	0.06245	0.02162	Case 5:DMRS pattern 3 w/ joint channel estimation, w/ DMRS optimization, w/ RFE, MCS0	-20	-18	-16	-14	-12	0.7558	0.43875	0.20657	0.07526	0.02162	Case 6:DMRS pattern 4 w/ joint channel estimation, w/ DMRS optimization, w/o RFE, MCS0	-20	-18	-16	-14	-12	0.63571	0.31785	0.1193	0.04243	0.01121	Case 6:DMRS pattern 4 w/ joint channel estimation, w/ DMRS optimization, w/ RFE, MCS0	-20	-18	-16	-14	-12	0.65092	0.32426	0.13531	0.04163	0.0121	



Uma_4GHz_O2I
w/ joint channel estimation, w/ RFE	-15	-13.5	-12	-10.5	-9	-7.5	-6	0.82226	0.61649	0.41153	0.22098	0.1257	0.07606	0.02722	w/ joint channel estimation, w/o RFE	-15	-13.5	-12	-10.5	-9	-7.5	-6	0.31625	0.16493	0.07286	0.03042	0.00721	0.0008	0	8 repetitions w/ FO	-15	-13.5	-12	-10.5	-9	-7.5	-6	0.66773	0.38271	0.18415	0.08887	0.04404	0.01761	0	



700MHz_O2I
Baseline	-15	-13.5	-12	-10.5	-9	-7.5	-6	-4.5	-3	-1.5	0	1.5	3	4.5	6	7.5	9	10.5	12	13.5	15	0.94494	0.81702	0.603	0.35375	0.17678	0.08208	0.03624	0.00901	0	Phase error = 10°	-15	-13.5	-12	-10.5	-9	-7.5	-6	-4.5	-3	-1.5	0	1.5	3	4.5	6	7.5	9	10.5	12	13.5	15	0.95095	0.82201	0.60601	0.36116	0.18779	0.08288	0.03584	0.01001	0.0002	Phase error = 30°	-15	-13.5	-12	-10.5	-9	-7.5	-6	-4.5	-3	-1.5	0	1.5	3	4.5	6	7.5	9	10.5	12	13.5	15	0.96797	0.85786	0.66106	0.40641	0.21762	0.1031	0.04565	0.01662	0.0008	Phase error = 50°	-15	-13.5	-12	-10.5	-9	-7.5	-6	-4.5	-3	-1.5	0	1.5	3	4.5	6	7.5	9	10.5	12	13.5	15	0.98839	0.91371	0.76016	0.52953	0.3027	0.15055	0.06446	0.02943	0.00641	0.0004	Phase error = 70°	-15	-13.5	-12	-10.5	-9	-7.5	-6	-4.5	-3	-1.5	0	1.5	3	4.5	6	7.5	9	10.5	12	13.5	15	0.9996	0.97738	0.88989	0.71932	0.48408	0.26967	0.13173	0.05806	0.02382	0.00521	Phase error = 90°	-15	-13.5	-12	-10.5	-9	-7.5	-6	-4.5	-3	-1.5	0	1.5	3	4.5	6	7.5	9	10.5	12	13.5	15	0.9998	0.9994	0.98859	0.91211	0.76577	0.54434	0.32272	0.16496	0.07447	0.03303	0.00901	Phase error = 110°	-15	-13.5	-12	-10.5	-9	-7.5	-6	-4.5	-3	-1.5	0	1.5	3	4.5	6	7.5	9	10.5	12	13.5	15	1	1	1	0.9992	0.98779	0.92232	0.79179	0.58679	0.36316	0.19479	0.09269	0.03884	0.01341	0.0024	Phase error = 130°	-15	-13.5	-12	-10.5	-9	-7.5	-6	-4.5	-3	-1.5	0	1.5	3	4.5	6	7.5	9	10.5	12	13.5	15	1	1	1	1	1	1	1	1	1	0.99279	0.96817	0.9031	0.77417	0.57377	0.35055	0.15175	0.04024	Phase error = 150°	-15	-13.5	-12	-10.5	-9	-7.5	-6	-4.5	-3	-1.5	0	1.5	3	4.5	6	7.5	9	10.5	12	13.5	15	1	1	1	1	1	1	1	1	1	1	1	1	1	1	1	1	1	1	0.9976	0.26567	0.038	



4GHz_O2I
Baseline	-15	-13.5	-12	-10.5	-9	-7.5	-6	-4.5	-3	-1.5	0	1.5	3	4.5	0.996	0.96817	0.87387	0.67087	0.39039	0.19259	0.09269	0.04124	0.01441	Phase error = 10°	-15	-13.5	-12	-10.5	-9	-7.5	-6	-4.5	-3	-1.5	0	1.5	3	4.5	0.9962	0.97017	0.88068	0.67948	0.396	0.1964	0.09169	0.04464	0.01381	Phase error = 30°	-15	-13.5	-12	-10.5	-9	-7.5	-6	-4.5	-3	-1.5	0	1.5	3	4.5	0.9986	0.97958	0.90571	0.73754	0.46046	0.23664	0.11552	0.05245	0.01982	Phase error = 50°	-15	-13.5	-12	-10.5	-9	-7.5	-6	-4.5	-3	-1.5	0	1.5	3	4.5	1	0.99339	0.95295	0.84224	0.61762	0.34535	0.16376	0.07968	0.03604	0.00941	Phase error = 70°	-15	-13.5	-12	-10.5	-9	-7.5	-6	-4.5	-3	-1.5	0	1.5	3	4.5	1	0.9996	0.99039	0.94374	0.82022	0.57858	0.31952	0.15375	0.07087	0.02983	Phase error = 90°	-15	-13.5	-12	-10.5	-9	-7.5	-6	-4.5	-3	-1.5	0	1.5	3	4.5	1	1	1	0.996	0.97137	0.88448	0.68769	0.40801	0.199	0.08969	0.03764	Phase error = 110°	-15	-13.5	-12	-10.5	-9	-7.5	-6	-4.5	-3	-1.5	0	1.5	3	4.5	1	1	1	1	1	0.9992	0.99239	0.93574	0.75395	0.41602	0.16537	0.05766	0.01682	Phase error = 130°	-15	-13.5	-12	-10.5	-9	-7.5	-6	-4.5	-3	-1.5	0	1.5	3	4.5	1	1	1	1	1	1	1	1	1	0.9994	0.87347	0.34014	0.08308	0.02082	Phase error = 150°	-15	-13.5	-12	-10.5	-9	-7.5	-6	-4.5	-3	-1.5	0	1.5	3	4.5	1	1	1	1	1	1	1	1	1	1	0.9996	0.8024	0.20961	0.04685	



700MHz_O2I
Baseline	-15	-13.5	-12	-10.5	-9	-7.5	-6	-4.5	-3	0.94454	0.81522	0.60501	0.36036	0.18078	0.08148	0.03403	0.01101	amplitude error = 0.5dB 	-15	-13.5	-12	-10.5	-9	-7.5	-6	-4.5	-3	0.998	0.96757	0.85746	0.67968	0.42482	0.23564	0.10951	0.04925	0.01822	amplitude error = 1dB 	-15	-13.5	-12	-10.5	-9	-7.5	-6	-4.5	-3	1	0.98098	0.89469	0.73153	0.4957	0.27748	0.13654	0.06226	0.02683	amplitude error = 1.5dB 	-15	-13.5	-12	-10.5	-9	-7.5	-6	-4.5	-3	1	0.99079	0.92733	0.78138	0.56196	0.33133	0.16597	0.07628	0.03504	amplitude error = 2dB 	-15	-13.5	-12	-10.5	-9	-7.5	-6	-4.5	-3	1	0.9962	0.94655	0.82442	0.62543	0.38539	0.20641	0.0983	0.03964	



4GHz_O2I
Baseline	-15	-13.5	-12	-10.5	-9	-7.5	-6	-4.5	-3	-1.5	0.996	0.96537	0.87247	0.66627	0.3952	0.18899	0.08929	0.04064	0.01281	amplitude error = 0.5dB 	-15	-13.5	-12	-10.5	-9	-7.5	-6	-4.5	-3	-1.5	1	0.998	0.97477	0.8955	0.72332	0.44645	0.23423	0.10671	0.05185	0.02222	amplitude error = 1dB 	-15	-13.5	-12	-10.5	-9	-7.5	-6	-4.5	-3	-1.5	1	0.9994	0.98539	0.92172	0.78398	0.51972	0.27748	0.13153	0.06647	0.02883	amplitude error = 1.5dB 	-15	-13.5	-12	-10.5	-9	-7.5	-6	-4.5	-3	-1.5	1	0.9996	0.99239	0.94635	0.82863	0.59039	0.32973	0.16236	0.07788	0.03584	amplitude error = 2dB 	-15	-13.5	-12	-10.5	-9	-7.5	-6	-4.5	-3	-1.5	1	1	0.99479	0.96036	0.86647	0.66346	0.38979	0.19419	0.09309	0.04404	
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