Page 1
[bookmark: _Ref462675860][bookmark: _Ref465963108]3GPP TSG RAN WG1 #109-e			R1-2205058
e-Meeting, May 9th – 20th, 2022

Agenda item:	9.12.1
Source: 	Qualcomm Incorporated
Title: 	Coverage enhancements for NR NTN
Document for:	Discussion/Decision
Introduction

Coverage enhancement for voice and low-data rate services over commercial smart phones was included in the scope of the Rel-18 work item for NTN [1]. 
The work is intended to cover the use case of voice and low-data rate services using commercial smartphones with more realistic assumptions on antenna gains instead of 0dBi currently assumed for link budget analysis for non-terrestrial networks.
[bookmark: _Ref473802466][bookmark: _Ref462669569]In this contribution, we present the link budget analysis and simulation results for the voice and low-data rate services (e.g., SMS). We also evaluate several transmit diversity techniques for NTN and propose enhancements to enable  transmit diversity techniques in NTN.
Link Budget Analysis
In link budget analysis, we find the achievable SNR values for various elevation angles for a given orbit altitude. The SNR values will be used later to find which elevation angles can be supported for a voice codec or low-data rate services. 
The assumption for the link budget analysis is shown in the following table, where the satellite parameters are the Set-2 satellite parameters in TR38.821 [2]. In the table, the additional loss account for the negative UE antenna gain of a typical commercial smart phone, the polarization mismatch, and any other loss not accounted for. The signal bandwidth is set to 180KHz for narrow band operation for the low bitrate voice application. Note that the Set-2 satellite parameters are more conservative than the Set-1 satellite parameters. 
Table 1: Link budget analysis assumptions
	Orbit altitude (km) 
	Satellite antenna gain (dBi)
	G/K (dB/K)
	UE TX power (dBm)
	Additional loss (dB)
	Shadowing Margin (dB)
	Ionospheric loss (dB)
	Signal Bandwidth (kHz)
	Channel Condiation

	600, 800, 1000 or 1200
	24
	-4.9
	23
	8
	3
	2.2
	180
	Clear Sky LoS 



For the uplink, the link budget is shown below.
Table 2: Link budget result
	Elevation Angle (deg)
	10
	20
	30
	40
	50
	60
	70
	80
	90

	SNR (dB) for 600km
	-13.2
	-10.4
	-8.2
	-6.4
	-5.1
	-4.2
	-3.6
	-3.2
	-3.1

	SNR (dB) for 800km
	-15.0
	-12.5
	-10.4
	-8.8
	-7.6
	-6.7
	-6.1
	-5.7
	-5.6

	SNR (dB) for 1000km
	-16.3
	-14.1
	-12.1
	-10.6
	-9.4
	-8.6
	-8.0
	-7.6
	-7.5

	SNR (dB) for 1200km
	-17.4
	-15.3
	-13.5
	-12.1
	-11.0
	-10.1
	-9.6
	-9.2
	-9.1




Performance Evaluation 
For voice, the traffic typically arrives in a regular pattern, for example, one voice frame per 20 ms. The repetitions for a voice frame need to be completed before the next voice frame arrives. Therefore, there is a limit on the number of repetitions that can be used for a voice frame. As we will show shortly, PUSCH is the bottleneck channel for voice. 
In contrast, for low-data rate services, such as SMS, the latency requirement may be much relaxed than that for the voice service, and hence PUSCH is not the bottleneck channel. Rather, channels associated with initial access including PRACH and Msg3 become the bottleneck channels. 

PUSCH
We consider the Adaptive Multi-Rate (AMR) audio codec [3] at a bit rate 4.75kbps, the lowest bit rate among eight supported bit rates, in the evalution of the uplink performance.   
With a voice frame rate of 1 frame per 20ms, the size of a voice frame is 95 bits. The voice frame is encapsulated with packet headers from various protocol layers including RTP, UDP, IP, SDAP, PDCP, RLC and MAC. With ROHC and other techniques, the transport block can be significantly compressed. In the simulation study below, we consider a TBS of 176 bits.  
3GPP Rel-17 NR adopted several coverage enhancement techniques such as TBoMS, DMRS bundling, and extended repetitions. In this contribution, we also consider antenna switching as an additional means of diversity, which can be applied transparently by the UE for example at the end of a  time domain window (TDW) over which DMRS bundling is performed.
In the simulation, the channel model is NTN-TDL-D with delay spread of 100ns, SCS is 15kHz, and the modulation scheme is QPSK. Figure 1 shows the configuration for TBoMS, DMRS bundling and antenna switching. Without these techniques, i.e., with repetitions only, the UE cycles through RVs 0, 2, 3 and 1, as shown in Figure 1. When antenna switching is applied, the UE switches the antenna at the end of the first half of the repetitions so that DMRS bundling and TBoMS can be applied to the two bundles respectively. As shown in Figure 2, without these techniques, an SNR of  -5.3dB is needed to achieve a BLER of 10-1 even with 16 repetitions (the blue solid line). In comparison, with these techniques, the required SNR to achieve a BLER of 10-1 is lowered to -8.3dB with 16 repetitions (the red solid line), offering a 3dB gain. Similar observations can be made for other numbers of repetitions (4 and 8) in Figure 2.   
[image: ]
Figure 1 Configurations for PUSCH

[image: ]
Figure 2 Impact of TBoMS, DMRS bundling and antenna switching.

Figure 3 shows the benefit of antenna switching. For all the scenarios, the number of repetitions is 16. The bundling sizes are 8 (solid lines with dots), 2 (dashed lines with stars) and 1 (dashed dotted lines with diamonds). TBoMS is applied to respective bundles. The performance gain from antenna switching is significant, e.g., more than 5 dB at BLER 10-2 for bundling size 8.
[image: ]
Figure 3 Impact of antenna swtiching

We also evaluate the effect of residual Doppler frequency shift after the UE performs Doppler pre-compensation. In the simulation, we assume that the residual Doppler shift is 200Hz. Figure 4 shows that, at BLER 10-1, the performance of a practical maximum likelihood (ML) Doppler shift estimation algorithm (green line) is 0.7dB away from that of the ideal case that does not consider residual Doppler shift (red line). The ML algorithm finds , where  is the time difference between adjacent DMRS symbols,  is the observed channel at DMRS symbol , and  is a set of discrete values that sample the possible range of the residual  Doppler frequency shift. In the simulation, the set  has a step size of 6Hz. As a comparison, we also show the result for a projection method (blue line), which requires a SNR -6.9dB to achieve a BLER 10-1.  Comparing with Table 2, we see that elevation angle 40 degrees or higher can be supported. Similarly we can identify the supported elevation angles for other satellite altitudes. The results are shown in Table 3, where the supported elevation angles are highlighted in green.

Table 3: Supported elevation angles (shown in green) for 4.75kbps voice
	Elevation Angle (deg)
	10
	20
	30
	40
	50
	60
	70
	80
	90

	SNR (dB) for 600km
	-13.2
	-10.4
	-8.2
	-6.4
	-5.1
	-4.2
	-3.6
	-3.2
	-3.1

	SNR (dB) for 800km
	-15.0
	-12.5
	-10.4
	-8.8
	-7.6
	-6.7
	-6.1
	-5.7
	-5.6

	SNR (dB) for 1000km
	-16.3
	-14.1
	-12.1
	-10.6
	-9.4
	-8.6
	-8.0
	-7.6
	-7.5

	SNR (dB) for 1200km
	-17.4
	-15.3
	-13.5
	-12.1
	-11.0
	-10.1
	-9.6
	-9.2
	-9.1




[image: ]
Figure 4 Impact of residual Doppler shift
 
Observation 1: For the AMR 4.75kbps voice codec and a satellite with the Set-2 parameters, with TBoMS, DMRS bundling, antenna switching and 16 repetitions for PUSCH, a commercial smart phone and a satellite with the Set-2 parameters can support elevation angle of 40 degrees or higher for 600kM satellite altitude. .
For higher satellite altitudes, the minimum supported elevation angles can be much higher. For example, for satellite altitude 1000km, the minimum supported elevation angle is 70 degrees, and that requires a higher-density constellation than the case of 600km satellite altitude. For 1200km, no elevation angle can be supported. Therefore, additional coverage enhancement techniques are needed to support a broader range of elevation angles for higher satellite altitudes. For voice codec rate 4.75 kbps and 95 bits per frame, the protocol overhead is still about 85%, which is significant. Further RAN protocol overhead reduction can increase the range of supported elevation angles.   
Observation 2: To support voice over commertical smart phones in NTN, RAN protocol overhead reduction is needed.

PUCCH
PUCCH carries HARQ ACKs, CSI reports or SR which are needed to support PUSCH transmissions. We consider PUCCH format 3, because it can be configured for repetition and allows for relatively large payload sizes. For the voice use case, the PUCCH payload size is expected to be small. For example, for DCI format 1_0 with one cell, the type-1 HARQ codebook size is 8 bits. A CSI report probably only needs to include CQI, which is 4 bits given the small amount of resource allocation. We consider payload sizes 2 through 11 bits, and the corresponding channel code is the Reed Muller code. For low-data rate services, the above assumptions can also be used. 
We consider frequency hopping in addition to DMRS bundling and antenna switching. Some sample configurations are shown in Figure 5.  
[image: ]
Figure 5 Configurations for PUCCH

Figure 6 shows the performance for various payload sizes ranging from 2 to 11 bits and 8 repetitions (the largest supported repetition number for PUCCH in Rel-17), without antenna switching or frequency hopping. Figure 7 shows that for 8 repetitions and 8-bit payload at BLER 10-2, antenna switching provides a 1.7dB gain, and frequency hopping provides an additional 0.8 dB gain. We plot the maximum supported payload size that meets the minimum target BLER 10-2 for each repetition number and each SNR value in Figure 8. All configurations can support elevation angle 40 degrees (which requires a minimum SNR -6.4dB (see Table 2)) and payload size 2 through 11 bits, except the cases of not doing repetition. If we consider payload size 8 bits, with 2 repetitions, antenna switching and frequency hoppinng, the requreied SNR is -8.6dB, satisfying the requirement for elevation angle 30 degrees.       
[image: ]
Figure 6 PUCCH format 3 performance for 8 repetitions and various payload sizes, without antenna switching or frequency hopping.

[image: ]
Figure 7 Impact of antenna swtiching and frequency hopping for 8 repetitions and 8-bit payload size.

[image: ]
Figure 8 Maximum supported payload size as a function of SNR for a minimum target BLER 10-2

Observation 3: With DMRS bundling, antenna switching, frequency hopping and 2 repetitions for PUCCH format 3 with payload size 8 bits, a commercial smart phone can support elevation angle of 30 degrees or higher for a 600kM LEO satellite. 

PRACH 
We consider PRACH format 2 which has a long CP and built in repetitions, with and without transmit antenna diversity (via antenna switching). Figure 9 shows the antenna switching point relative to the slot format of PRACH format 2. For transmit diversity, the antenna switching point is set at CP/2 before the end of repetition 2 as shown in Figure 9. As such, the PRACH format 2 can accommodate a maximal differential delay CP/2 or delays in the range [-CP/4, CP/4]. Since the CP duration of PRACH format is 152.6 ms, CP/2 is more than enough to accommodate UEs with GNSS capability. For both cases, coherent reception of the first half, i.e., the first and the second repetitions, and of the second half of the preamble was performed. The outputs of the first and the second half are then combined non-coherently. The results are shown in Figure 10. Due to the long duration of PRACH format 2, it was found that with 200 Hz frequency error coherent reception among four repetitions will lead to worse performance that is not shown here. 
[image: Timeline

Description automatically generated]
Figure 9 Antenna switching point for PRACH format 2

[image: Chart
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Figure 10 Antenna switching performance for PRACH format 2: the probability of miss detection under the constraint that the probability of false alarm is kept within the range [0.63%, 0.73%].
  







As can be seen from Figure 10, antenna diversity provides about 1 dB gain at 1% miss detection rate. Since the bandwidth of PRACH format 2 is about 1 MHz, a X dB SNR for PRACH format 2 corresponds to  a X+7.6 dB SNR for 1 PRB PUSCH transmission with 15 kHz subcarrier spacing. Without antenna switching and assuming a frequency error of 200 Hz, the minimum SNR that can be supported with 1% miss detection rate is -16.4 dB, which corresponds to an SNR of -8.8 dB for a 180 kHz BW transmission. The supported elevation angles are shown in Table 4 below.  
Table 4: Supported elevation angles (shown in green) for PRACH format 2 with 1% miss detection rate
	Elevation Angle (deg)
	10
	20
	30
	40
	50
	60
	70
	80
	90

	SNR (dB) for 600km
	-13.2
	-10.4
	-8.2
	-6.4
	-5.1
	-4.2
	-3.6
	-3.2
	-3.1

	SNR (dB) for 800km
	-15.0
	-12.5
	-10.4
	-8.8
	-7.6
	-6.7
	-6.1
	-5.7
	-5.6

	SNR (dB) for 1000km
	-16.3
	-14.1
	-12.1
	-10.6
	-9.4
	-8.6
	-8.0
	-7.6
	-7.5

	SNR (dB) for 1200km
	-17.4
	-15.3
	-13.5
	-12.1
	-11.0
	-10.1
	-9.6
	-9.2
	-9.1



Observation 4: PRACH is a bottleneck channel for supporting low-data rate services over commercial smart phones in NTN.

Hence it is important to allow transmit antenna diversity for PRACH format 2. To do so, we need to define the antenna switching point.
Proposal 1: For PRACH format 2 in NTN, antenna switching point is CP/2 before the end of the second repletion or 22232x64 Tc of the second repetition. 

Msg3 
Rel-17 supports a maximum of 16 repetitions for both the initial Msg3 transmission and any Msg3 retransmission. Although the reliability of Msg3 can be improved via many retransmissions, such a scheme will lead to large delay given the large propagation delay in NTN. Therefore, it is important to enhance the performance of the initial Msg3 transission for low-data rate services. Figure 11 shows the Msg3 performance for a payload of 56 bits and a freuqnecy-domain resource allocation of 1RB. It is seen that for 16 repetitions and a target BLER 0.1, a minimum -9.3 dB SNR is required. The supported elevation angels are shown in Table 4. It is seen that the current Msg3 design in Rel-17 can support a very small range of elvevation angles (from 80 to 90 degrees) for satellite altitude 1200km.       
[image: ]
Figure 11 BLER vs SNR for Msg3 repetitions.


Table 4: Supported elevation angles (shown in green) for Msg3
	Elevation Angle (deg)
	10
	20
	30
	40
	50
	60
	70
	80
	90

	SNR (dB) for 600km
	-13.2
	-10.4
	-8.2
	-6.4
	-5.1
	-4.2
	-3.6
	-3.2
	-3.1

	SNR (dB) for 800km
	-15.0
	-12.5
	-10.4
	-8.8
	-7.6
	-6.7
	-6.1
	-5.7
	-5.6

	SNR (dB) for 1000km
	-16.3
	-14.1
	-12.1
	-10.6
	-9.4
	-8.6
	-8.0
	-7.6
	-7.5

	SNR (dB) for 1200km
	-17.4
	-15.3
	-13.5
	-12.1
	-11.0
	-10.1
	-9.6
	-9.2
	-9.1



Observation 5: Msg3 is a bottleneck channel for supporting low-data rate services over commercial smart phones in NTN.

Bottleneck Channels
As shown in Section 3, the bottleneck channel for voice is PUSCH, and the bottleneck channels for low-data rate services are PRACH and Msg3. 
PUCCH is less likely to be the bottleneck channel for either use case. Figure 8 shows that PUCCH format 3 with payload size 4 bits (the minimum CSI payload size) can be supported for SNR greater than -12.5dB with 8 repetitions, DMRS bundling, frequency hopping, and antenna switching. 
Proposal 2: Consider coverage enhancements for PRACH and Msg3. 
Transmit Diversity Techniques
Diversity techniques can be used to improve coverage. For LOS channels, such as NTN-TDL models, significant transmit diversity can be achieved as shown in the last section. In addition to diversity, precoding can be used to reduce polarization loss. Satellites often use circularly polarized antennas, but smart phones typically use linearly polarized antennas. When receiving a linearly polarized signal using a circular polarized antenna, there is a 3 dB loss due to polarization mismatch. With two linearly polarized antennas, it’s possible to generate a circular polarized signal thereby avoiding the polarization loss. As shown in the figure below, two cross-polarized antennas with a precoding to generate a left-handed circular polarized signal.



Figure 12 Generating circularly polarized signal using linearly polarized antennas with precoding.

Considering the link between a smart phone and a satellite with circularly polarized antennas, the model for the uplink including the transmitter, channel, and the receiver is depicted in the figure below. 



Figure 13 An NTN UL model.

In the figure, the circularly polarized receive antenna is depicted as two collocated linearly polarized antennas with a phase shifter at the V branch. There are two channels, one from the first transmit antenna to the receive antenna h1(t) and the other from the second transmit antenna to the receive antenna h2(t).  In the simulations below, h1(t) and h2(t) are modeled as uncorrelated NTN-TDL-C channels. The polarization transformer, W, depends on the polarization states of smart phone relative to that of the satellite antenna. When the two transmit antennas of the smart phone are perfectly cross polarized, W is a unitary matrix in the form
 .
Note that due to smart phone rotation, the angle  in the above equation can be time varying.

Below, we compare several transmit techniques with a single transmit antenna in terms of performance assuming two cross-polarized transmit antennas. The diversity and precoding techniques are 
· Antenna switching
· CDD
· Precoding aided by SRS transmission. The best precoder from [1 1], [1 -1], [1 j], [1 -j] are used. 

For antenna switching, we assume switching happens at the middle of a transmission that possibly has multiple repetitions. Denoting the SNR of first antenna by SNR1 and the SNR of the second antenna by SNR2, the total SNR is evaluated as 

with .
For CDD, SNR varies in the frequency domain, the harmonic mean of the SNRs among the subcarriers is used to account for additional equalization loss.
[image: Chart
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Figure 14 Performance comparison of different transmit schemes for two cross-polarized transmit antenna and one circularly polarized receive antenna: the average SNR of one transmit antenna is 3 dB without polarization loss; NTN-TDL-C channel is considered; transmit power is equally split among two transmit antennas when active simultaneously. 
The following can be observed from the figure:
· If 10-percentile SNR is considered, antenna switching has 1 dB gain and the transmit precoding has 3.7 dB gain. If 1-percentile SNR is considered, antenna switching has 2.4 dB gain and precoding has 5 dB gain. The performance difference between precoding and antenna switching, which is about 2.6 to 2.7 dB, shows that precoding can significantly reduce  polarization.
· The performance of CDD is at best comparable to one transmit antenna with a delay near the Nyquist sample duration. The large CDD, although creates diversity but suffers from large channel variation in frequency domain.

From the above, it is important to enable efficient use of antenna switching and precoding in NTN.  For UL transmissions with DMRS bundling, antenna switching can be made at the boundary of two bundling window. For others such as PRACH and PUCCH, proper antenna switching point need to be defined. For transmit precoding, the above simulation assumes that UE maintains perfect transmit phase between the SRS and PUSCH. Current requirements on coherent UL MIMO is based on a 20 ms time window. This window needs to be extended to accommodate the large RTD of NTN to ensure the usefulness of transmit precoding. 
Proposal 3: Consider enhancements to enable transmit antenna switching within a single-slot and multi-slot transmission.
Proposal 4: Consider enhancements to enable transmit precoding in NTN including proper coherent MIMO requirements. 

 

Conclusions
In this contributions, we evaluated the performance UL channels for NTN and compared the performance with link budget. We also compared performance of several transmit diversity techniques. Based on the evaluations, we have the following observations and proposals:
Observation 1: For the AMR 4.75kbps voice codec and a satellite with the Set-2 parameters, with TBoMS, DMRS bundling, antenna switching and 16 repetitions for PUSCH, a commercial smart phone and a satellite with the Set-2 parameters can support elevation angle of 40 degrees or higher for 600kM satellite altitude. .
Observation 2: To support voice over commertical smart phones in NTN, RAN protocol overhead reduction is needed.
Observation 3: With DMRS bundling, antenna switching, frequency hopping and 2 repetitions for PUCCH format 3 with payload size 8 bits, a commercial smart phone can support elevation angle of 30 degrees or higher for a 600kM LEO satellite. 
Observation 4: PRACH is a bottleneck channel for supporting low-data rate services over commercial smart phones in NTN.
Observation 5: Msg3 is a bottleneck channel for supporting low-data rate services over commercial smart phones in NTN.
Proposal 1: For PRACH format 2 in NTN, antenna switching point is CP/2 before the end of the second repletion or 22232x64 Tc of the second repetition. 

Proposal 2: Consider coverage enhancements for PRACH and Msg3. 

Proposal 3: Consider enhancements to enable transmit antenna switching within a single-slot and multi-slot transmission.
Proposal 4: Consider enhancements to enable transmit precoding in NTN including proper coherent MIMO requirements. 
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1 / 2   3GPP TSG RAN WG1 #10 9 - e     R1 - 2 205058   e - Meeting,  May   9 th   –   2 0 th , 202 2     Agenda item:   9.12.1   Source:    Qualcomm Incorporated   Title:     Coverage enhancement s   for NR   NTN   Document for:   Discussion /Decision   1   Introduction     Coverage  enhancement for voice and low - data rate services over commercial smart phones was included in the scope of t he  Rel - 18 work item for NTN [1].    The work  is intended to  cover the use case of voice and low - data rate services using commercial  smartphones with more  realistic assumptions on antenna gains instead of 0dBi currently assumed for link budget analysis for non - terrestrial networks.   In this contribution, we present the link budget analysis   and  simulation results   for the voice  and low - data rate services (e.g.,  SMS) .   We also evaluate several transmit diversity techniques for NTN and propose enhancements to enable  transmit  diversity techniques in NTN.   2   Link Budget Analysis   In link budget analysis,  we find the achievable SNR values for various elevation angles for a given orbit altitude. The  SNR values will be used later to find which elevation angles can be supported   for a voice codec or low - data rate  services.    The assumption for the link budget an alysis is  shown in the following table ,  where the satellite  parameters  are   the Set - 2  satellite parameters in  TR38.821   [ 2 ] . In the table,  the additional loss  account for   the  negative  UE antenna gain  of a  typical   commercial smart phone ,  the polarization mism atch , and any other loss not accounted for. T he signal bandwidth  is set to 180KHz for narrow band operation for the low bitrate voice application.   Note that the Set - 2 satellite parameters  are more conservative than the Set - 1   satellite parameters .     Table 1:   Link budget analysis assumptions  

Orbit altitude  (km)   Satellite  antenna  gain (dBi)  G/K  (dB/K)  UE TX  power  (dBm)  Additiona l loss   (dB)  Shadowin g Margin  (dB)  Ionospher ic loss   (dB)  Signal  Bandwidt h (kHz)  Channel  Condiatio n  

600 , 800,  1000  or 1200  24  - 4.9  23  8  3  2.2  180  Clear Sky  LoS   

  For the uplink, the link budget is shown below.   Table 2: Link budget result  

