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1. Introduction
The following objective is included in this study item [1]:
· Study of required changes to NR using existing DL/UL NR waveform to support operation between 52.6 GHz and 71 GHz
· Study of applicable numerology including subcarrier spacing, channel BW (including maximum BW), and their impact to FR2 physical layer design to support system functionality considering practical RF impairments [RAN1, RAN4].
· Identify potential critical problems to physical signal/channels, if any [RAN1].
In this contribution, candidate numerologies, potential FR2 physical layer design enhancement to cope with practical RF impairments, and potential problems to physical signals/channels are discussed.
2. [bookmark: _Ref498564494]Discussion
1. 
2. 
[bookmark: _Ref521492551]Applicable numerology selection
[bookmark: PP12]Before discussing candidate applicable numerologies for 52.6-71GHz, the applied numerology and configuration for different channels in FR2 is summarized in the following table:
Table 1	   List of numerologies for different channels in FR2
	Channels
	FR2 Numerology
	Configuration

	SSB/PBCH
	120K NCP/240K NCP
	Per band definition / By ssbSubcarrierSpacing

	Msg 1 PRACH
	60K/120K (CP depends on format)
	By RACH-ConfigCommon / BeamFailureRecoveryConfig

	Type 0/0A/1/2 PDCCH, PDSCH for (SIB1, Msg.2/4 for initial access, paging and broadcast SI-messages)
	60K NCP/120K NCP
	By subCarrierSpacingCommon in MIB

	PDCCH, PDSCH, CSI-RS within a DL BWP
	60K NCP/60K ECP/120K NCP
	By BWP-DownlinkCommon

	PUCCH, PUSCH, SRS within a UL BWP
	60K NCP/60K ECP/120K NCP
	By BWP-UlinkCommon


It is clearly observed SSB /PRACH numerology is separately determined/configured and the numerology for other channels is configured per BWP (called BWP numerology in later sections), i.e. all DL/UL channels within a BWP except SSB/PRACH have the same numerology. Following FR2 methodology, the following numerology should be determined for 52.6-71GHz:
· Determination of applicable BWP numerologies (PDSCH/PUSCH are the main focused channels)
· Determination of applicable SSB numerologies
· Determination of applicable PRACH numerologies.
In the following sub-sections, the above aspects are discussed respectively according to analysis and link-level evaluation results.
Determination of applicable BWP numerologies
In FR2, the applicable BWP numerologies could be (60K, NCP), (120K, NCP) and (60K, ECP). From the discussions in last meeting, the following numerologies are agreed in evaluation assumptions as candidates for applicable BWP numerologies: (120K, NCP), (240K, NCP), (480K, NCP), (960K, NCP), (480K, ECP), (960K, ECP). To achieve the objective of selecting applicable BWP numerologies, the candidate numerologies are compared in terms of the following aspects respectively.
Performance with phase noise compensation:
As discussed in NR Rel15, phase noise impact becomes more severe when operation in high frequency and thus PTRS are introduced to compensate the impact in FR2. However, there will be higher phase noise in 52.6 GHz - 71GHz compared to FR2 which will degrade the performance especially for high order modulation. Thus, the performance is evaluated for candidate numerologies with various modulation schemes based on the evaluation assumptions in Table 10 of Appendix.
[image: ]
[bookmark: _Ref47376401]Figure 1	BLER performance with phase noise compensation for candidate numerologies (400MHz)
[image: TDL-A,2G,5ns]
[bookmark: _Ref47376760]Figure 2	BLER performance with phase noise compensation for candidate numerologies (2000MHz)
As shown in Figure 1, it works well for QPSK with phase noise compensation for all candidate numerologies with minor difference. However, 64QAM couldn’t be used to obtain higher throughput by adopting 120/240 KHz SCS according to the above evaluation result.
Observation 1: For 400MHz carrier bandwidth, (120K, NCP) and (240K, NCP) work well for low order modulation schemes (e.g. QPSK and 16QAM) but not for high order modulation scheme (e.g. 64QAM).
Different carrier bandwidths are evaluated to see the numerology impact as shown in Figure 1 and Figure 2. In general, the system with smaller carrier bandwidth has better performance than the larger one due to lower phase noise power aggregated by all the RBs. For example, 480 KHz performs well for 400 MHz carrier bandwidth for 64QAM while it has a slight error floor for 2000MHz carrier bandwidth. However, 960 KHz works well even when the carrier bandwidth is 2000MHz.
Observation 2: For high order modulation scheme (e.g. 64QAM), both (480K, NCP/ECP) and (960K, NCP/ECP) work well for 400MHz carrier bandwidth but (480K, NCP/ECP) doesn’t work well for 2000MHz carrier bandwidth.
Maximum supported bandwidth for a single carrier/BWP
In FR2, (50, 100, 200, 400) MHz bandwidth are supported for a single carrier. For 52.6-71GHz, there is no need to support small channel bandwidth since there is plenty of spectrum available in this frequency range. To facilitate the comparison, 400MHz is assumed as the bandwidth granularity, i.e. 400*A MHz (A=1, 2, 4, 5) is supported. Besides, the maximum number of RBs should not exceed the NR FR1/FR2 limit (i.e. 273). Then assuming the maximum affordable FFT size is 4096, the maximum supportive carrier/BWP bandwidths with different numerologies are listed in the following table.
Table 2	   List of maximum carrier/BWP BW with different numerologies
	Numerology
	FFT size
	Sampling rate 
	Maximum CC/BWP bandwidth
	RB number Note

	(120 K, NCP)
	4096
	0.49152 GHz
	400MHz
	256

	(240 K, NCP)
	4096
	0.98304 GHz
	800MHz
	256

	(480 K, NCP)
	4096
	1.96608 GHz
	1600MHz
	256

	(960 K, NCP)
	4096
	3.93216 GHz
	2000MHz
	160

	(480 K, ECP)
	4096
	1.96608 GHz
	1600MHz
	256

	(960 K, ECP)
	4096
	3.93216 GHz
	2000MHz
	160


[bookmark: _Ref40205010]Note: The RB numbers are derived from the agreement in RAN1-101-e for evaluation.
Observation 3: (960K, NCP) and (960K, ECP) could achieve a comparable maximum carrier bandwidth (i.e. 2GHz) as 802.11ad/ay.
Peak data rate
Based on the maximum supported MCS (among MCS 7, 16, 22) from the LLS evaluation, the peak data rates for different candidate numerologies are summarized below:
Table 3	   List of peak data rates with different numerologies
	Numerology
	Maximum supported MCS
	Peak Data Rate for a single carrier

	(120 K, NCP)
	MCS 16
	758 Mbps

	(240 K, NCP)
	MCS 16
	1516 Mbps

	(480 K, NCP)
	MCS 22
	4603 Mbps

	(960 K, NCP)
	MCS 22
	5754 Mbps

	(480 K, ECP)
	MCS 22
	3836 Mbps

	(960 K, ECP)
	MCS 22
	4795 Mbps


Observation 4: (960K, NCP) could achieve the highest peak data rate which is more than 7 times as that of (120K, NCP).
Coverage
First, CP length is an important factor which may impact the coverage for different candidate numerologies. Particularly in large delay spread scenario, candidate numerologies with larger CP length would be more robust since the power ratio exceeding the CP length will be smaller. In the following table, the power ratio of paths exceeding the CP length in TDL model with different delay spreads is summarized for each candidate numerology.
Table 4	   CP length impact with different numerologies in relation with delay spread
	[bookmark: OLE_LINK1][bookmark: OLE_LINK2]Numerology
	CP length (ns)
	%>CP, TDL-A 5ns
	%>CP, TDL-A 10ns
	%>CP, TDL-A 20ns

	(120 K, NCP)
	585.94
	0
	0
	0

	(240 K, NCP)
	292.97
	0
	0
	0

	(480 K, NCP)
	146.48
	0
	0
	0.03

	(960 K, NCP)
	73.24
	0
	0
	4

	(480 K, ECP)
	520.52
	0
	0
	0

	(960 K, ECP)
	260.41
	0
	0
	0


Second, the BLER performance (e.g. Figure 1 and Figure 2) is another factor which will also impact the coverage. To be more specific, the required SNR for target BLER performance (10%) is different for various candidate numerologies. This is used as an input to calculate the link budget for different candidate numerologies in the next step.
Finally, to evaluate the coverage considering the above factors, the link budget is calculated for different candidate numerologies based on BLER performance in different delay spread scenarios. Note that the required SNR is obtained based on the evaluation results in [2].
Table 5	   MCL for PDSCH/PUSCH with different numerologies in different delay spread scenario
	Numerology
	RB number (QPSK)
(~100Mbps PDSCH/PUSCH, DL: UL=1:1)
	MCL
TDL-A 5ns
	MCL
TDL-A 10ns
	MCL
 TDL-A 20ns

	(120 K, NCP)
	168
	129.56
	129.76
	129.96

	(240 K, NCP)
	84
	129.56
	129.76
	129.96

	(480 K, NCP)
	42
	129.56
	129.56
	128.86

	(960 K, NCP)
	21
	129.16
	128.66
	127.26

	(480 K, ECP)
	50
	128.71
	128.81
	128.01

	(960 K, ECP)
	25
	128.11
	127.51
	126.41


Observation 5: (120K, NCP) and (240K, NCP) have better coverage than other candidate numerologies.
Observation 6: ECP doesn’t offer better coverage than NCP for both 480K and 960K SCS in TDL-A channel with delay spread setting as 5, 10 and 20 ns. 

In summary, different candidate numerologies are compared in the following table together with spec/implementation impact:
Table 6	 Summary for comparison of different candidate numerologies
	Numerology
	Supported BW
	Peak data rate
	Coverage
	Spec/Implementation Impact

	(120 K, NCP)
	Bad
	Bad
	Good
	No

	(240 K, NCP)
	Bad
	Bad
	Good
	Low

	(480 K, NCP)
	Medium
	Medium
	Medium
	Medium

	(960 K, NCP)
	Good
	Good
	Medium
	Medium

	(480 K, ECP)
	Medium
	Medium
	Medium
	High

	(960 K, ECP)
	Good
	Medium
	Bad
	High


Based on the above summary, the following proposal is made for selecting applicable BWP numerology:
[bookmark: _Ref47542097]Proposal 1: For BWP numerology, (960K, NCP) is preferred for scenarios targeting high peak data rate and (120K, NCP) is preferred with no spec impact for scenarios targeting large coverage.
Determination of applicable SSB numerologies
In FR2, the applicable SSB numerologies are (120K, NCP) and (240K, NCP), which is separately determined with applicable BWP numerology. Similarly, the PBCH BLER performance is evaluated for different candidate numerologies as shown in Figure 3, to Figure 5 with TDL-A 5ns, 10ns and 20ns DS respectively. It is observed that 960KHz SCS performs best in 5ns DS scenario and 240KHz SCS performs best in 20ns DS scenario. Based on the evaluation results, link budget for SSB with different candidate numerologies is provided below:
Table 7	   MCL for SSB with different numerologies in different delay spread scenario
	Numerology
	MCL
TDL-A 5ns
	MCL
TDL-A 10ns
	MCL
 TDL-A 20ns

	(120 K, NCP)
	139.11
	140.21
	140.61

	(240 K, NCP)
	138.00
	138.10
	139.10

	(480 K, NCP)
	136.09
	135.09
	136.09

	(960 K, NCP)
	131.98
	132.08
	131.28

	(480 K, ECP)
	134.29
	134.89
	135.89

	(960 K, ECP)
	131.08
	130.58
	130.08


[image: D:\hongqi\B526_Augest\nr_link_sim - SSB\Main\figure\FOR102-E\TDLA-5ns.jpg]
[bookmark: _Ref47455706]Figure 3	SSB detection performance for candidate numerologies (TDL-A 5ns)
[image: D:\hongqi\B526_Augest\nr_link_sim - SSB\Main\figure\FOR102-E\TDLA-10ns.jpg]
Figure 4	SSB detection performance for candidate numerologies (TDL-A 10ns)
[image: D:\hongqi\B526_Augest\nr_link_sim - SSB\Main\figure\FOR102-E\TDLA-20ns.jpg]
[bookmark: _Ref47455714]Figure 5	SSB detection performance for candidate numerologies (TDL-A 20ns)
Another factor needs to be considered is the relation with BWP numerology especially for koffset indication and SSB-Coreset 0 multiplexing pattern. In FR2, the supported SCS pair for SSB and initial DL BWP including corset 0 are (60K, 120K), (120K, 240K) and (120K, 120K). It is clearly observed that the SCS of SSB are always higher than that for Coreset 0 in FR2, where 4 bits are enough to indicate koffset. Besides, different (SSB, corset 0) SCS pair may involve different SSB-Coreset 0 multiplexing pattern. Then SSB numerology would better to be determined after BWP numerology is selected and supported (SSB, corset 0) numerology pairs need to be determined as well by considering koffset indication and SSB-Coreset 0 multiplexing pattern.
[bookmark: _Ref47542099]Proposal 2: SSB numerology would better to be determined after BWP numerology is selected and supported (SSB, corset 0) numerology pairs need to be determined as well by considering koffset indication and SSB-Coreset 0 multiplexing pattern.
Determination of applicable PRACH numerologies
In NR FR1&FR2, there are different PRACH formats defined in TS 38.211 as shown in Table 8 below. Special SCS is defined for format 0-3 mainly targeting for very large coverage scenario (e.g. >1000m) and FR1. However, in 52.6-71GHz, the target use case is small cell and there is no need to support such scenario. Thus, PRACH format 0-3 need not to be supported in 52.6-71GHz. For format A, B and C, the candidate numerology for PRACH is the same as that for BWP although they are separately configured, e.g. (60K, 120K) for FR2. This principle is preferred to be maintained for 52.6-71GHz. Thus the following proposal is made: 
[bookmark: _Ref47542101]Proposal 3: Format 0-3 with special SCS is not supported and the candidate PRACH numerologies for format A, B and C are the same as the candidate BWP numerologies.
[bookmark: _Ref47531853]Table 8	   PRACH formats for NR FR1&FR2
	Format
	

	


	0
	839
	1.25 kHz

	1
	839
	1.25 kHz

	2
	839
	1.25 kHz

	3
	839
	5 kHz

	A1
	139
	


	A2
	139
	


	A3
	139
	


	B1
	139
	


	B2
	139
	


	B3
	139
	


	B4
	139
	


	C0
	139
	


	C2
	139
	




[bookmark: _Ref47540902]Potential issues due to RF impairments
In NR Rel15/16, phase noise is an identified RF impairment issue for high frequency band, which is already solved by compensation using PTRS. As discussed in section 2.1, using higher SCS could alleviate the problem for operation in frequency above 52.6 GHz by reusing PTRS in FR2. Besides phase noise, other RF impairments may also affect the performance such as I/Q imbalance in TX side and/or RX side, and PA linear working range.
I/Q imbalance
The principle of I/Q imbalance is illustrated in the Appendix 4. Some link-level simulations were performed to evaluate the effect of I/Q imbalance with different sideband suppressions with SCS as 960 KHz and PDSCH allocation with 2 GHz bandwidth. The simulation parameters are listed in Table 11 of Appendix. The simulation results are shown in Figure 6 and Table 9.
From the simulation result, we can find that
· When the sideband suppression is -30.44 dBc or -25.98 dBc, the effect of I/Q imbalance is small, while the effect of I/Q imbalance is severe for sideband suppression of -20.01 dBc or -16.01 dBc.
· The effect of I/Q imbalance on high modulation order is more severe than low modulation order.
 [image: ]
[bookmark: _Ref47450744]Figure 6  I/Q imbalance effect (SCS = 960 kHz, PDSCH BW = 2GHz)

[bookmark: _Ref47450950]Table 9  Performance comparison among different sideband suppressions
	Sideband suppression of I/Q imbalance
 (dBc)
	SNR to achieve 10% BLER (dB)

	
	QPSK
	16QAM
	64QAM

	I/Q imbalance OFF
	1.62
	9.26
	15.36

	-30.44
	1.64
	9.29
	15.47

	-25.98
	1.66
	9.33
	15.68

	-20.01
	1.78
	9.58
	16.85

	-16.01
	2.00
	10.17
	22.00


For good performance in frequencies above 52.6 GHz, the impact of RF impairments, like I/Q imbalance, needs to be evaluated so that we can decide whether it is necessary to consider additional design on standard to mitigate the side effect.
[bookmark: _Ref40204958]Proposal 4: Perform modeling of I/Q imbalance in link level evaluation with reasonable sideband suppression value, and study potential enhancement if problem is identified. 
PA linear working range
Increased power capability and increased frequency capability are conflicting requirements as observed from the so-called Johnson limit [3]. In short, higher operational frequencies require smaller geometries, which subsequently result in lower operational power in order to prevent dielectric breakdown from the increased field strengths. To uphold Moore’s law, the gate geometries are constantly shrunk and hence the intrinsic power capability is reduced [4]. 
We ran some simulations about EVM VS OBO (Output Back Off) with PA model of CMOS for 60 GHz. CP-OFDM and DFT-s-OFDM waveform are considered. And the simulation parameters are listed in Table 12 in Appendix. From simulation result about 64QAM in Figure 8, we can find that OBO needs to be 10 dB and 8 dB for CP-OFDM waveform and DFT-s-OFDM waveform respectively to achieve the EVM requirements defined in Table 13 in the Appendix, and the these OBO seems too high for realistic implementation.
Therefore, we can expect that the PA linear working range is smaller for high frequencies, and PAPR will be more critical for beyond 52.6 GHz than low frequencies.

[image: ]
Figure 7  OBO VS EVM for 16QAM signal on PA model of CMOS and 60GHz
[image: ]
[bookmark: _Ref40283693]Figure 8  OBO VS EVM for 64QAM signal on PA model of CMOS and 60GHz
[bookmark: _Ref40204959]
[bookmark: _Ref47542104]Proposal 5: Perform PAPR evaluation for different channels/signals, and study potential PAPR reduction technique if problem is identified. 
Potential issues to physical layer change
In this section, the potential issues to physical signals/channels are discussed in the following subsections especially new numerologies are defined.
SSB design:
For 52.6-71GHz, the following aspects need to be considered:
The first issue is frequency domain offset estimation during SSB detection. With increasing of the center frequency, the absolute value for frequency domain offset is increased if assuming the same ratio (e.g. 10ppm). It should be estimated by two steps with coarse estimation first and fine estimation second. The target of coarse estimation is to narrow down the offset into a small range, which is called frequency offset estimation searcher. Then fine estimation will be used for determining the actual offset value. However, the estimable frequency offset range by fine estimation is limited, i.e. where Nd is the time interval of PSS sequence and SSS sequence. Particularly, the range value for different SCSs is given below:
· SCS120: [-28K 28K]
· SCS240: [-56K 56K]
· SCS480: [-112K 112K]
· SCS960: [-224K 224K]
For a given offset value (e.g. -600K~600K Hz for 60GHz center frequency), the needed number of branches are given below:
· SCS120: searcher range 28k, steps = 1200k/56k≈22 
· SCS240: searcher range 56k, steps = 1200k/112k ≈11
· SCS480: searcher range 112k, steps = 1200k/224k ≈6
· SCS960: searcher range 224k, steps = 1200k/448k ≈3
If using less number of searchers than the above value, significant performance loss is observed from the figure below (240 KHz as example), i.e. >3dB loss in terms of PBCH BLER in 60GHz. However, more searchers mean more hardware complexity and device cost. 
[image: SCS240, different branch]
Figure 9	SSB detection performance for 240K SCS (TDL-A 10ns)
The second issue is the number of buffering samples especially for higher SCS during the process of SSB detection. Currently, UE assumes 20ms SSB period during initial access, which means UE may need to buffer 20ms samples so that at least one SSB could be detected if it is transmitted on one certain sync raster.
The third issue is beam switching between non-QCLed SSBs. In FR1&FR2, CP length is enough to offer the gap for beam switching. However if 960 KHz is adopted for SSB, CP length is about 73ns which is not enough for beam switching anymore. There may be different alternatives to solve it:
· Alt. 1: New SSB pattern introducing gaps between contiguous candidate SSBs;
· Alt. 2: The same QCL assumptions for contiguous candidate SSBs (e.g. case D);
· Alt. 3: Hopping transmission for contiguous candidate SSBs (e.g. case E).
[bookmark: _Ref47542106]Proposal 6: The following aspects should be studied for SSB design:
· Frequency domain offset estimation;
· Amount of buffering SSB samples;
· Beam switching for contiguous candidate SSBs.
PRACH design:
For PRACH design, there are two important metrics: coverage and capacity. For a given PRACH format, CP length is defined separately with other channels and is still related with configured SCS for the PRACH. Particularly, CP length becomes smaller when SCS increases. Thus the coverage should be also estimated by considering TA estimation accuracy.  is a factor related with PRACH capacity, which is calculated as , where  is the cell radius, is the speed of light and  is obtained from channel model (e.g. 96*10-9  for TDL-A with 10ns delay spread). Clearly it also depends on different SCS and  is increasing with higher SCS. In this case, the PRACH sequence capacity may be limited.
[bookmark: _Ref47542107]Proposal 7: Both coverage and capacity should be studied for PRACH design with new defined numerology.
PDCCH enhancement:
As we know, the path loss increases in higher frequency band and the coverage becomes an issue for NR operation in 52.6 GHz – 71 GHz. On one hand, the link budget could be used as one factor to determine the applicable numerology for different channels by comparing different candidate numerology. On the other hand, the link budget should be evaluated for the selected numerology to see if there is any coverage problem. The problem lies in two aspects: one is whether the absolute value could meet the requirement of typical use case (e.g. dense urban) and the other is whether the link budget for different channels has relatively large gap. Currently, for channels such as PDSCH/PUSCH/PUCCH, repetition mechanism are already defined in NR Rel15&16 and could be simply extended to 52.6-71GHz for coverage enhancement. However, there is no such mechanism defined for PDCCH, which should be studied especially for high SCS, e.g. using smaller SCS for PDCCH or define PDCCH repetition mechanism. 
[bookmark: _Ref47542109]Proposal 8: Coverage enhancement mechanism should be studied for PDCCH design especially for high SCS.
DM-RS/PT-RS enhancement
As we discussed in section 2.2, RF impairment such as phase noise, I-Q imbalance, PA non-linear work range and etc. will bring performance loss and DM-RS/PT-RS could be enhanced to alleviate the problem. For example, with 960 KHz SCS and -20dBc I-Q imbalance, ~1.5 dB loss is observed for 64QAM modulation compared with no I-Q imbalance. DM-RS could be enhanced to estimate the I-Q imbalance and make corresponding compensation.
[bookmark: _Ref47542110]Proposal 9: DM-RS/PT-RS enhancement should be studied to solve the problem brought by RF impairment such as phase noise, I-Q imbalance and PA non-linear work range.
Others
If new higher numerology such as (960K, NCP) is introduced, the following issues need to be considered:
· New timeline definition (e.g. N1/N2 capability, CSI processing and etc.)
· Basic time unit not suitable for 960K and 4096 FFT size
· Super Long CP per half frame
[bookmark: _Ref47542111]Proposal 10: Timeline definition, basic time unit and super long CP per half frame should be discussed for new defined numerology such as (960K, NCP).
3. Conclusion
In this contribution, we focus on the required changes to NR using existing NR waveform, and have the following proposals:
Proposal 1: For BWP numerology, (960K, NCP) is preferred for scenarios targeting high peak data rate and (120K, NCP) is preferred with no spec impact for scenarios targeting large coverage.
Proposal 2: SSB numerology would better to be determined after BWP numerology is selected and supported (SSB, corset 0) numerology pairs need to be determined as well by considering koffset indication and SSB-Coreset 0 multiplexing pattern.
Proposal 3: Format 0-3 with special SCS is not supported and candidate PRACH numerologies for format A, B and C would better to be the same as candidate BWP numerologies.
Proposal 4: Perform modeling of I/Q imbalance in link level evaluation with reasonable sideband suppression value, and study potential enhancement if problem is identified.
Proposal 5: Perform PAPR evaluation for different channels/signals, and study potential PAPR reduction technique if problem is identified.
Proposal 6: The following aspects should be studied for SSB design:
· Frequency domain offset estimation;
· Amount of buffering SSB samples;
· Beam switching for contiguous candidate SSBs.
Proposal 7: Both coverage and capacity should be studied for PRACH design with new defined numerology.
Proposal 8: Coverage enhancement mechanism should be studied for PDCCH design especially for high SCS.
Proposal 9: DM-RS/PT-RS enhancement should be studied to solve the problem brought by RF impairment such as phase noise, I-Q imbalance and PA non-linear work range.
Proposal 10: Timeline definition, basic time unit and super long CP per half frame should be discussed for new defined numerology such as (960K, NCP).
4. [bookmark: _Ref47449854]Appendix : Principle of I/Q imbalance
I/Q imbalance means the gain and phase imbalance between I and Q branches caused by the analog component imperfection in the direct-conversion architecture which is applied in TX side and RX side widely. Below are 2 typical models for I/Q imbalance at RX side.


Figure 10   Model 1 for I/Q imbalance at RX side



Figure 11   Model 2 for I/Q imbalance at RX side
For OFDM based systems, the effect of I/Q imbalance is as below:
                                                   (1)
where
·  is the TX baseband signal on subcarrier k,  is the RX baseband signal on subcarrier k.
·  and  is given below:

For model 1, 
                                                                        (2)
For model 2,
                                                      (3)

From equation (1),  is the desired signal while  is the undesired signal, i.e. image signal.
The degree of I/Q imbalance is expressed by ‘sideband suppression’:
                                                       (4)
or 
                                            (5)
The figure below is an example about the sideband suppression.
[image: ]
Figure 12  Example about sideband suppression
5. Appendix : Link level evaluation assumptions
The simulation assumption of link level part for PDSCH channel is listed in Table 10.
[bookmark: _Ref40463709]Table 10	   Simulation assumptions in LLS for PDSCH channel
	Parameters
	Value

	Carrier frequency
	60 GHz

	Waveform
	CP-OFDM

	Antenna configuration
	TDL-A: 2T2R

	MIMO Layer
	1

	Subcarrier spacing
	120/240/480/960 KHz

	Phase noise model
	TR38.803 Example 2

	MCS
	NR Rel15 MCS Table

	MIMO reception algorithm
	MMSE

	Channel model
	TDL-A

	Pre-BF RMS delay spread
	5ns/10ns/20ns

	RB allocation
	2GHz, i.e. 320/160 PRB for SCS of 480/960 KHz respectively.
400MHz, i.e. 256/128/64/32 PRB for SCS of 120/240/480/960 KHz respectively.

	FFT size
	2GHz, i.e. 4096/2048 for SCS of 480/960 KHz respectively.
400MHz, i.e. 4096/2048/1024/512 SCS of 120/240/480/960 KHz respectively.

	PDSCH symbol indexes
	NCP: 2-13   ECP:2-11

	DMRS symbol index
	2

	DMRS bundling size
	4

	PTRS symbol indexes
	NCP: 3-13   ECP:3-11

	PTRS density 
	One tone per 2 RBs  

	Channel code
	LDPC

	Channel estimation
	MMSE

	Transmission mode 
	QPSK:526/1024; MCS 7
16QAM: 658/1024; MCS 16
64QAM:666/1024; MCS 22


[bookmark: _Ref40348817]
[bookmark: _Ref40463662]Table 11	   Simulation assumption for I/Q imbalance effect
	Parameters
	Value 

	Carrier frequency
	60 GHz

	Waveform
	CP-OFDM

	Antenna configuration
	TDL-A: 2T2R

	MIMO Layer
	1

	Subcarrier spacing
	960 KHz

	Phase noise model
	TR38.803 Example 2

	MCS
	NR Rel15 MCS Table

	MIMO reception algorithm
	MMSE

	Channel model
	TDL-A

	Pre-BF RMS delay spread
	5ns

	RB allocation
	2 GHz

	FFT size
	2048

	PDSCH symbol indexes
	2-13

	DMRS symbol index
	2

	DMRS bundling size
	4

	PTRS symbol indexes
	3-13

	PTRS density 
	One tone per 2 RBs

	Channel code
	LDPC

	Channel estimation
	MMSE

	Transmission mode 
	QPSK:526/1024; 16QAM: 658/1024; 64QAM:666/1024

	Sideband suppression on I/Q imbalance
	-20.01/-30.44/-25.98 dBc



[bookmark: _Ref40284891]Table 12	   Simulation assumption for EVM VS OBO with PA model of CMOS for 60GHz
	Parameters
	Value 

	Carrier frequency
	60GHz

	Waveform
	CP-OFDM/ DFT-s-OFDM

	Link-level Channel model
	AWGN

	UE speed
	3km/h

	Subcarrier spacing
	120kHz 

	Symbols number per slot
	14

	Antenna configuration at TRxP
	1T

	Antenna configuration at UE
	1R

	[bookmark: _GoBack]Transmission rank
	1

	MIMO reception algorithm
	[bookmark: OLE_LINK7][bookmark: OLE_LINK8]MMSE

	Channel estimation
	MMSE

	Number of subcarriers per PRB
	12

	Data allocation
	14 symbol slots, with 30RB allocated

	Channel coding scheme
	Turbo

	Delay Spread
	4ns

	Code rate
	0.5



[bookmark: _Ref40284287]Table 13	   EVM requirement for different modulation orders
	Parameters
	Unit
	Average EVM Level

	QPSK
	%
	17.5

	16 QAM 
	%
	12.5

	64 QAM 
	%
	8
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