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1 Introduction

According to NR IAB SID [1], the following objective should be achieved.
	· High spectral efficiency while also supporting reliable transmission [RAN1]
· Identification of physical layer solutions or enhancements to support wireless backhaul links with high spectral efficiency.


High order modulation (i.e., up to 1024QAM) and high order MIMO are the most key enabling technologies for backhaul link spectrum efficiency improvement [2]. NR Rel-15 has defined a rather good MIMO capability which can be reused on backhaul link. However, Rel-15 only supports 64QAM for access link in FR2. In IAB, a high capacity backhaul link is always preferable since the backhaul link capacity tends to be the bottleneck for system performance. Higher order modulation on backhaul link is technically feasible due to the following reasons: 1) Good backhaul link quality due to IAB node site planning. 2) Better RF capability of IAB node compared to UE.
In this contribution, we discuss the requirement for high order modulation via system and link performance evaluation, and further analyze the requirement on EVM and phase noise in order to study its feasibility.

2 Requirement for backhaul link high order modulation
System performance with different modulation order on backhaul link is summarized in Table 1 and the evaluation parameters are listed in Table A-1 and A-2 in Appendix A. And dynamic TDM with SDM between backhaul and access link is applied in this evaluation. The evaluation shows that the end-to-end performance is highly dependent on the backhaul link capacity. If backhaul link capacity is constrained, data will be congested in intermediate IAB nodes and cannot reach destination timely. Therefore, to support high order modulation on backhaul link is of great importance for IAB system performance. 
Observation 1: High order modulation (i.e. above 64QAM) on backhaul link can significantly improve system capacity.
Table 1: System capacity performance with 1024QAM/256QAM backhaul 

	System capacity performance gain
baseline: w/o IAB nodes

	IAB node number
	Maximum modulation order for backhaul link

	
	64-QAM
	256-QAM
	1024-QAM

	1 IAB node/sector
	25.15%
	39.00%
	52.15%

	3 IAB node/sector
	45.08%
	70.23%
	93.69%


In the following, link evaluation comparison of 64QAM/256QAM/1024QAM is presented. The simulation assumptions are summarized in Table B-1 in Appendix B. The phase noise model applied is from TR 38.803 example 2. In the evaluation, phase noise compensation for CPE (Common Phase Error) is considered with and without other RF impairment (0% EVM represents no other RF impairment, and higher EVM value means higher RF distortion).  For the purpose of comparison, the ideal case without any phase noise (i.e., no phase noise applied) and RF distortion (i.e., EVM=0%) is also presented. It is noted that only CPE compensation is applied for phase noise mitigation for all the evaluated cases.
Figure 1 shows the impact of phase noise on link performance without considering other RF distortion (i.e., EVM = 0%).  It can be observed that
· 256QAM brings tangible link throughput gain compared to 64QAM (32% performance gain at Es/N0=28dB), and the link performance will be further enhanced if phase noise compensation performance can be improved.

· 1024QAM cannot be achieved if only CPE compensation is applied.
· For 64QAM, CPE compensation is good enough to overcome phase noise impact.
As the RF distortion goes up, the performance gap between ideal RF case and practical case will increase as expected. But 256QAM always outperforms 64QAM in all cases, and the throughput gain is 31% for 1% EVM, 30% for 1.5% EVM, 29% for 2% EVM, 25% for 2.5% EVM, and 16% for 3% EVM respectively, as shown in from Figure 2 to Figure 6.
Therefore, in order to enable 256QAM modulation, both phase noise compensation performance and RF distortion should be improved. From perspective of phase noise, ICI compensation in addition to CPE compensation should also be considered to further overcome phase noise impact for above 64QAM. Besides, signal shaping methods [3] can also be considered for backhaul link performance enhancement.
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Figure 1: Link-level performance with phase noise (without considering other RF distortion, EVM =0%)
[image: image2.emf]16 18 20 22 24 26 28 30 32 34 36

Es/N0 [dB]

0

50

100

150

200

250

300

T

h

r

o

u

g

p

u

t

 

[

M

b

p

s

]

Channel: CDL-D, EVM: 1.0%

64QAM-5/6, No RF impairments

64QAM-5/6, Practical RF impairments

256QAM-5/6, No RF impairments

256QAM-5/6, Practical RF impairments

1024QAM-5/6, No RF impairments

1024QAM-5/6, Practical RF impairments

 
Figure 2: Link-level performance with phase noise (with other RF distortion, EVM =1.0%) 
[image: image3.emf]16 18 20 22 24 26 28 30 32 34 36

Es/N0 [dB]

0

50

100

150

200

250

300

T

h

r

o

u

g

p

u

t

 

[

M

b

p

s

]

Channel: CDL-D, EVM: 1.5%

64QAM-5/6, No RF impairments

64QAM-5/6, Practical RF impairments

256QAM-5/6, No RF impairments

256QAM-5/6, Practical RF impairments

1024QAM-5/6, No RF impairments

1024QAM-5/6, Practical RF impairments

 
Figure 3: Link-level performance with phase noise (with other RF distortion, EVM =1.5%) 
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Figure 4: Link-level performance with phase noise (with other RF distortion, EVM =2%) 
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Figure 5: Link-level performance with phase noise (with other RF distortion, EVM =2.5%) 
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Figure 6: Link-level performance with phase noise (with other RF distortion, EVM =3%) 
The following observation could be made,

Observation 2: For backhaul link with BS phase noise model applied at both transmitter and receiver, 256QAM always outperforms 64QAM and the link performance gain reaches 16% even considering 3% EVM distortion. The performance gain is expected to be higher if better phase noise compensation performance could be achieved.
Observation 3: For 1024QAM, phase noise is the dominating factor for link performance. CPE compensation alone is not enough. Better phase noise compensation performance is necessary.
Base on the above observation, we have the following proposals:
Proposal 1: Up to 1024QAM should be considered for backhaul link.
Proposal 2: Phase noise compensation performance improvement on backhaul link should be investigated to support higher order modulations above 64QAM. Two possible directions are: 1) PT-RS redesign 2) Compensation algorithm improvement, e.g., CPE with ICI.
3 Conclusions
In this contribution, we analyze the requirement of above 64 QAM on backhaul link via system and link evaluation. In addition, the feasibility of 256QAM and 1024QAM is further analyzed with link level evaluation, taking phase noise and RF distortion into consideration. Based on the analysis, the following observations and proposals can be made,

Observation 1: High order modulation (i.e. above 64QAM) on backhaul link can significantly improve system capacity.
Observation 2: For backhaul link with BS phase noise model applied at both transmitter and receiver, 256QAM always outperforms 64QAM and the link performance gain reaches 16% even considering 3% EVM distortion. The performance gain is expected to be higher if better phase noise compensation performance could be achieved.
Observation 3: For 1024QAM, phase noise is the dominating factor for link performance. CPE compensation alone is not enough. Better phase noise compensation performance is necessary.

Proposal 1: Up to 1024QAM should be considered for backhaul link.
Proposal 2: Phase noise compensation performance improvement on backhaul link should be investigated to support higher order modulations above 64QAM. Two possible directions are: 1) PT-RS redesign 2) Compensation algorithm improvement, e.g., CPE with ICI.
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Appendix A: System-level evaluation assumption

Table A-1: Evaluation scenarios for IAB
	Attribution 
	Assumption

	Network Layout
	Hexagonal cellular network (ISD = 500m)  with multi-hop relaying

	Number of TRPs
	19 macro TRPs and 57*Nr IAB-nodes where Nr is the number of IAB-nodes per sector. The value of Nr is {3}.

	Deployment of RN
	Random

	UE distribution
	Uniform random deployment

	Node selection for UE
	Max RSRP

	Topology building method
	Maximum RSRP, together with the following constraints.

· Maximum 4 hops

· Maximum 2 node degree for each IAB node[4]

	Carrier Frequency 
	In-band backhaul: 30GHz backhaul and access

	Large-scale channel parameters
	- Macro-to-UE: 5GCM UMa

- Micro-to-UE: UMi-Street canyon

- Macro-to-Macro: 5GCM UMa (hUE =25m) 

- Macro-to-Micro: 5GCM UMa (hUE =10m)

- Micro-to-Micro: UMi-Street canyon (hUE =10m) 

- UE-to-UE: UMi-Street canyon (hBS =1.5m ~ 22.5m), penetration loss between UEs follows Table A.2.1-12 of TR38.802

	Fast fading parameters
	- Macro-to-UE: 5GCM UMa

- Micro-to-UE: UMi-Street canyon

- Macro to macro: 5GCM UMa O-to-O (hUE =25m); ASA and ZSA statistics updated to be the same as ASD and ZSD; ZoD offset = 0

- Macro to micro: 5GCM UMa O-to-O; ASA and ZSA statistics updated to be the same as ASD and ZSD for UMi-Street canyon; ZoD offset = 0

- Micro to Micro: UMi-Street canyon O-to-O (hUE =10m); ASA and ZSA statistics updated to be the same as ASD and ZSD; ZoD offset = 0

- UE to UE: UMi-Street canyon; ASD and ZSD statistics updated to be the same as ASA and ZSA. Dual mobility support.

	UE number per sector
	30 (80% indoor/ 20% outdoor, or 100% outdoor)

	Carrier frequency
	30GHz


	Subcarrier spacing
	120kHz

	Slot length
	0.125ms with 14 symbols

	TDD UL/DL configuration
	D:U = 3:2 for baseline(without RN)

	MIMO
	MU-MIMO

	Scheduling
	PF

	HARQ
	CC

	MCS
	Up to 1024QAM for backhaul link transmission

	Receiver
	MMSE-IRC

	Traffic model
	Full buffer

	Codebook for analog beamforming
	DFT-based, no oversampling

	Penetration loss
	50% high loss, 50% low loss

	Metric
	Full buffer: Area traffic capacity


Table A-2: Antenna configuration for IAB

	Attribution 
	Assumption

	gNB height
	25 m

	RN height
	10 m

	UE height
	3D distributing [5]

	TRP Tx power
	3 dBm

	RN Tx power
	33 dBm 

	UE Tx power
	23dBm

	TRP antenna configuration
	 (M,N,P,Mg,Ng) = (4,8,2,2,2),  (dH, dV) = (0.5, 0.5)λ,  (dg,H,dg,V) = (4.0, 2.0)λ

	RN antenna configuration for each side/sector
	(M,N,P,Mg,Ng) = (4,8,2,2,2),  (dH, dV) = (0.5, 0.5)λ,  (dg,H,dg,V) = (4.0, 2.0)λ

	UE antenna configuration
	 (M,N,P,Mg,Ng) = (2,4,2,1,2) ,  (dH, dV) = (0.5, 0.5)λ,  (dg,H,dg,V) = (0, 0)λ,  Θmg,ng=90,   Ω0,0 uniformly distributed in [0, 360] degrees,  Ω0,1=Ω0,0+180

	RN antenna pattern
	See Table A.2.1-6 of TR 38.802

	UE antenna pattern
	See Table A.2.1-8 of TR 38.802


Appendix B: Link-level evaluation assumption

Table B-1: Link-level evaluation assumption
	Attribution
	Assumption

	Carrier frequency 
	29 GHz

	Carrier Bandwidth
	50 MHz

	Sub-carrier spacing
	120 kHz

	Propagation conditions
	CDL-D with 30ns delay spread

UE speed 5 km/h

	Transmission modes
	Single port (SISO)

	MCS
	64QAM/256QAM/1024QAM with fixed code rate 5/6

	DMRS
	Configuration type-1, Single symbol DM-RS

	PT-RS configuration
	high density configuration: KPTRS = 2, LPTRS = 1

	Phase noise model
	IAB-donor/IAB-node: TR 38.803 Example 2 model for BS (section 6.1.11)

	Other RF impairment
	TX EVM: [0,1, 1.5, 2, 2.5, 3]%

	Channel estimation
	Practical

	Phase noise compensation
	CPE compensation, no ICI compensation
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