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1 GENERAL DESCRIPTION OF TTBB

1.1 TTBB general

June 2016 NGMN approved Trial and Test initiative (TTIl) project which consists of four activity streams,
respectively called Tests of Technology Building Blocks (TTBB), Proof of Concept (PoC), Inter-Operability and Pre-
commercial Networks Trials.

It was agreed that the purpose of TTBB is to test the performance of individual technology building blocks (such as
massive MIMO, beamforming for eMBB, waveforms, numerology, frame structure, channel coding, link adaptation
for eMBB with the possibility of co-existence with URLLC and/or mMTC etc...) with proprietary equipment. The tests
are expected to be performed in a lab environment as well as small-scale outdoor environments (with typically a
single user in a cell for testing the link performance).

This document is technical report for TTBB that provides the full description for each of technology building blocks
that have been identified as carrying higher priority by NGMN community, and the corresponding test results.

TTBB team believes that this document will present a guideline to all NGMN members and other external SDOs by
enhancing the understanding on key technical features and their characteristics and eventually contribute to the
timely introduction of 5G service into the telecommunication industry.

1.2 Working Methodology

Key building blocks for new radio technology have been identified by TTBB, based on the following criteria in
order to harmonize with the progress from other SDOs such as 3GPP. Also, TTBB focused on collecting the test
results for each of identified technology building blocks in best-effort manners, incorporating the results out of the
real equipment or by the simulation, depending on the test scenarios/assumptions that have been agreed by the
group.

- Use cases : eMBB + low latency

- Technologies

B Any proposals which are not conflicting with current 3GPP NR study item agreement (~ Feb 2017)
B Any new proposals which have been not handed in 3GPP NR SI

NGMN TTI TTBB Report, Page 5 (123)
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2 PHYSICAL LAYER
21 DL Physical layer
211 Waveform

2111 F-OFDM

21111 Description

5G is envisioned to provide an efficient support for a diverse set of usage and deployment scenarios with diverse
service characteristics. This is possible only through a flexible and adaptable air interface, which is enabled by a
flexible waveform. A new waveform design should consider the flexible numerology support, frequency and time
localization, MIMO friendliness, high-order modulation support, and uniform design for DL/UL/ side link. [1]

Compared with LTE OFDM, filtered OFDM (f-OFDM) utilizes sub-band digital filter to shape the spectrum of sub-
band OFDM signal as shown in Figure 2.1.1.1-1. It allows co-existence of waveforms with different OFDM
primitives and could satisfy the criteria of the flatness of pass-band, sharpness of the transition band and enough
attenuation in the stop-band.[2]

PSD Spectrum
0 T T T T T

OFDM
Filtered-OFDM

----------------------

.....................................

o
Frequency(MHz)

Figure 2.1.1.1-1: PSD of f-OFDM compared with OFDM.

Therefore, with its good out-of-band leakage rejection and maintain all the benefit of OFDM, f-OFDM enables
flexible numerology support and future proof forward compatible to unknown service.

21.11.2 Test Environment

There are 1 gNB and 1 UE required for the test. The gNB is composed of a baseband processor (BBU), a switch to
connect BBU to a RF interface (RFI), and a broadband RRU. The UE is composed of a Server, a RF Unit (RFU)
and Antennas, as shown in the Figure 2.1.1.1-2.

gNB
UE1
s _?_ _.i “ n_ -
Antenna RFU Server
Switch RFI RRU
Figure 2.1.1.1-2: lllustration for testing f-OFDM.
NGMN TTI TTBB Report, Page 6 (123)
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The purpose of the tests is to show the performance of f-OFDM on mixed numerology scenario. There are two
20MHz sub-bands configured adjacently. One is data sub-band which UEs will occupy and be observed. One is
interference sub-band which will send data continuously and interfere in adjacent data sub-band. The sub-carrier
spacing for the data sub-band and interference sub-band are 30kHz and 15kHz respectively as shown in Figure

2.1.1.1-3.

20MHz sub-band
15kHz sub-carrier

spacing

@ N UE1 (1RB)
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Figure 2.1.1.1-3: signal configuration for f-OFDM test in mixed numerology scenario.

Other configuration parameters are listed in the following table:

NGMN TTI TTBB Report, Page 7 (123)
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Table 2.1.1.1-1: Configuration parameters.

Configuration ltem Value Remark
Operating Band 3.5GHz 360kHz as data, neighbor band as interference
BS TRx Number 2T2R
UE TRx Number 1T2R
UE Number 1 Each UE occupy one RB: 360kHz
MIMO mode SFBC
Config 1 Subcarrier spacing: 30KHz
(data sub- | CP length: 2.6us/2.08us
band) TTl length: 0.25ms
Numerology - -
Config 2 Subcarrier spacing: 15KHz
(interference | CP length: 5.2us/4.17us
sub-band) | TTIlength: 0.5ms
Data sub-band bandwidth | 720kHz (24 SC)
Interference sub-band 19.815 MHz The filter of the interference sub-band is applied over
bandwidth each CC(19.815MHz)
. Data band: 19.830MHz
Filter Bandwidth Interference band: 19.815MHz
parameters | Type Soft-trunk
Order 1024
CRS Yes
DMRS No
CQl feedback Yes
ACK/NACK feedback Yes
SRS No
HARQ retransmission No
AMC OLLA AMC
Traffic Full buffer

21.1.1.3 Test Cases

The UE1 will be allocated at the band next to sub-band of 15kHz sub-carrier spacing. For different test cases, there
will be 0/1/2/3 guard tone. The results will show the SNR, MCS and throughput of different waveforms with different

Version 1.0, 29 —06-2017

guard tone.
Table 2.1.1.1-2: Test cases.
Testid | Waveform UE number | Numerology Guard tone | AMC/Fixed MCS
T [ e O -
PR L R O = W
33 |orom |TUE | |2 Confgurable MCS | Thvoughpus
4 |orom - |TUE [l |3 Confgurable MCS | Thvavghpu
21114 Test Results
NGMN TTI TTBB Report, Page 8 (123)
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We had done the joint test in Huawei’s Lab in Munich. The connection between gNB and UE is by air. For the
different guard tone, we tested the impact when the output power of interference sub-band (15 kHz subcarrier
spacing) is equal or 3dB higher than that of data sub-band (30 kHz subcarrier spacing).

The test results were recorded in the following table:

Table 2.1.1.1-3: Test results

AMC/ ;
Test UE Nume RB . Guard | interfe Throug (D
id number | rology | NUM ';;I)((:esd tone rence VO el A SHIE hput St )
OFDM 22 13 0.65
3dB 38.46%
f-OFDM 27 21.49 0.9
1 UE1 30K 1RB AMC 0
OFDM 25 15.15 0.81
0dB 9.26%
f-OFDM 27 24.06 0.885
OFDM 24 14.39 0.78
3dB 45.25%
f-OFDM 28 25.64 1.133
2 UE1 30K 1RB AMC 1
OFDM 27 17.16 0.875
0dB 29.83%
f-OFDM 28 27.39 1.136
OFDM 26 15.61 0.81
3dB 39.75%
f-OFDM 28 26.67 1.132
3 UE1 30K 1RB AMC 2
OFDM 27 18.44 0.891
0dB 27.5%
f-OFDM 28 26.87 1.136
OFDM 27 16.35 0.866
3dB 30.94%
f-OFDM 28 27.06 1.134
4 UE1 30K 1RB AMC 3
OFDM 27 18.56 0.904
0dB 25.66%
f-OFDM 28 27.41 1.136

2.1.1.1.5 Conclusion

As shown in the table:

»  f-OFDM showed max 45% gain over OFDM in high interference scenario.

»  When the interference increase (i.e. the power of sub-band with 15kHz sub-carrier spacing is increased
3dB higher than that with 30kHz sub-carrier spacing), the throughput will decrease significantly with
OFDM, while the impact is negligible with f-OFDM.

»  With the number of guard tone decreases, the effect of f-OFDM will be increased. For f-OFDM, the result
shows 1 tone spacing gives the best performance and this could give some indication about how mixing
different numerologies.

Conclusion:

We confirmed that f-OFDM is robust to inter-channel interference compared to OFDM.
We confirmed that f-OFDM is robust for mix numerology compared to OFDM.

21.1.1.6 References

[11 R1-162151, “6G Waveform: Requirements and Design Principles”, 3GPP RAN1 #84bis
[2] R1-164033, “~OFDM scheme and filter design”, 3GPP RAN1 #85
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2.1.1.2 OFDM waveform with improved guard band

21.1.21 Description

3GPP has agreed to utilize OFDM waveform in downlink and a combination of OFDM and SC-FDM waveform in
uplink for 5G NR. Some of the key aspects of the 5G NR OFDM waveform will include scalable numerology and
also improved guard band utilization compared to LTE. For comparison, LTE uses a fixed numerology for all the
channels and also for all the users. Similarly, for bandwidth utilization, LTE nominally operates with a guard band of
10%. In 5G NR, it is possible that different channels are mapped to different subcarrier spacing for optimized
resource allocation as well as performance. Similarly, bandwidth utilization can be improved beyond 90% as in the
case of LTE. We propose to study the impact of both scalable numerology and improved bandwidth utilization.

21.1.2.2 Test Environment

The lab configuration consists of a UE and a gNB prototype. gNB prototype is capable of transmitting control and
data using OFDM waveform. Some aspects of the control channel and the data channel may use different
numerology in the transmitted waveform, which the UE will decode. Similarly, the occupied bandwidth may be
varied for studying the impact. An optional channel emulator and a noise simulator may be present in the system.

21.1.2.3 Test Cases

Key KPI of interest includes spectrum characteristics of the waveform with improved bandwidth utilization.

21.1.24 Test Results

A combination of waveform simulation and FPGA based proto implementation was used to study the waveform
aspects.

21.1.241 OFDM with improved spectrum utilization

OFDM based downlink and uplink with NR compliant slot structures was implemented on a FPGA based proto
platform and demonstrated at MWC 2017. As part of this demonstration, following numerology was shown.

Component carrier BW 100MHz
Sub-carrier spacing 30kHz
Useful sub-carriers 3072
Total occupied BW 92.16MHz
Spectral Utilization 92.16%
Guard Band 7.84%

NGMN TTI TTBB Report,

With this configuration, we have set up a link operating at radio frequency in the NR sub 6GHz band (with flexibility
in the choice of the carrier frequency). We have shown that spectrum mask and ACLR requirements similar to LTE
can be met with this choice of parameters with reasonable implementation complexity. The link was operated with
256 QAM modulation in a MIMO configuration. No specific degradation was observed at peak spectral efficiency in
spite of improved spectral utilization. Current 3GPP discussions in 5G NR work stream have been focused on the
possibility of spectral utilization that is larger than the traditional 4G spectrum utilization. Our lab tests support the
ongoing discussion for improved spectral utilization in 3GPP.

LTE traditionally utilizes 90% of the allocated system bandwidth for data transmission with the remaining 10%
earmarked for guard band. While LTE RB allocation in the specifications allow going beyond 90% utilization, typical
deployments stick to the 90% utilization criterion.

Through this demonstration, we have established an operating point for spectral utilization that goes beyond the
traditional 10% guard band allocated in 4G systems. With spectrum at a premium, it is important to ensure that the

Version 1.0, 29 —06-2017
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spectral efficiency of the link is maximized in all possible ways including better use of allocated spectrum in addition
to improved modulation order, mimo techniques, better receiver implementation among other things.

21.1.24.2 SC-FDM (or DFT-S-OFDM) waveform for UL transmission

We present PAPR results for SC-FDM in comparison with CP-OFDM waveform, based on simulation studies.
PAPR gains with SC-FDM waveform are well known and we present the results here to re-iterate the gains to be
had in UL link budget for link budget constrained UE’s.

10°

CP-OFDM 1
DFT-s-OFDM [

-15 -10 -5 5 10 15

0
PAPR [dB]
Figure 2.1.1.2-4: PAPR for CP-OFDM an DFT-S-OFDM waveforms

From the figure, it is clear that there is at least 2.5dB PAPR gain for SC-FDM waveform compared to OFDM
waveform. This directly translates into both PA efficiency and more importantly higher power output at a given EVM
requirement, which helps improve the UL coverage for cell edge UE’s. In the new bands that are being considered
for NR, with larger propagation loss when compared to traditional LTE bands, it is important to ensure that the UL
coverage does not become the bottle neck in network planning. SC-FDM becomes a critical component in ensuring
that several additional dB of link margin can be recovered in UL operation.

Based on similar arguments, 3GPP has adopted both OFDM and SC-FDM waveforms for UL operation. In
particular, based on 3GPP agreements, single layer UL transmission can be scheduled with OFDM or SC-FDM
waveforms while higher rank transmission is restricted to OFDM.

2.1.1.2.5 Conclusion

In conclusion, we propose two aspects of waveform design for 5G operation:
1.  Waveform operation with improved spectrum utilization and reduced guard band
2. SC-FDM waveform in uplink operation to help with UL link budget considerations

2.1.2 Basic transmission scheme
2.1.21 Massive MIMO

21.21.1 Description

Massive-MIMO (Figure 2.1.2.1-1) is one of the key technologies of 4G+ and 5G. By using the antenna array in the
horizontal and vertical dimension, 3D-MIMO can dynamically adjust beam direction, support MU-transmission with

NGMN TTI TTBB Report, Page 11 (123)
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more users, so as to enhance cell throughput and edge user rate. 3D-MIMO is used interchangeably with Massive
MIMOQ in this document.

More
concentrated
beam power

More accurate
beam direction

MU-MIMO

2D-MIMO 3D-MIMO

Figure 2.1.2.1-1 : Massive MIMO concept in comparison with 2D-MIMO.

21.21.2 Test Environment

The product shape of Massive MIMO is described in Figure 2.1.2.1-2. The left one is the current 8Tx system and it
consists of distributed BBUs, distributed RRUs and antennas. On the right is the 2.6GHz TD-LTE commercial
Massive MIMO BS with 60MHz operating bandwidth. It has distributed BBUs, integrated RRUs and antennas.

ST\antenna +RRU  3[

Current 8Tx system:
Distributed BBU,RRU
and antenna

3D-MIMO:
Integrated RRU and antenna

Figure 2.1.2.1-2: Product shape of Massive MIMO.

For 2.6GHz Massive MIMO, more than 50 test sites were deployed in commercial TD-LTE networks and all the
users were equipped with commercial handsets, not customized user prototypes. Six scenarios are considered of
interest, and they are high rise, rail station, residential, busy road, wideband access and emergency communication
respectively (Figure 2.1.2.1-3).

NGMN TTI TTBB Report, Page 12 (123)
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High rise Rail station Residential

Emergency

Busy road enc)
communication

Figure 2.1.2.1-3: Six Massive-MIMO test scenarios at 2.6GHz.

21.21.3 Test Cases

The purpose for the test is to evaluate the key performance metrics of 3D-MIMO such as spectrum efficiency,
resource utilization, coverage ability, etc (Table IlI).
Table 2.1.2.1-1: Test cases.

Testid | Technology UE AMC/Fixed Output Remark
MCS
1-1 2.6GHz Network AMC Spectrum Efficiency Compared with
Masssive MIMO | Commercial Resource utilization current 8TX
UE rate system

21.21.4 Test Results
For 2.6GHz Massive MIMO, test results are presented for five different cases.

Scenario 1: Hot-spot (College dorms)
o ey 9% Ay 4

8Tx Band 3D-MIMO
D Band D

Figure 2.1.2.1-4: Test configuration in Scenario 1 (2.6GHz).

The test result for 2.6GHz Massive MIMO in hot-spot scenario is that:

= Resource utilization rate : The PRB utilization rate of DL/UL in busy hours exceeds 80%/50%.
= Spectrum efficiency : DL/UL spectral efficiency increases by 149%/182% in busy hour.

= Coverage : In terms of RSRP, Massive MIMO is 2dB higher than 8Tx (with Independent electrically
tunable antenna).

NGMN TTI TTBB Report, Page 13 (123)
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Scenario 2: Crowded Square

8T 3D-MIMO
Band F Band Band D
D

Figure 2.1.2.1-5: Test configuration in Scenario 2 (2.6GHz).

The test result for 2.6GHz 3D-MIMO in Crowed Square is that:
= Resource utilization rate : The PRB utilization rate of DL/UL in busy hour exceeds 50%/60%.

= Spectrum efficiency : DL/UL spectral efficiency increases by 165%/100% in busy hour.

Scenario 3: Busy roads

8Tx 3D-MIMO
Band D Band D

Figure 2.1.2.1-6: Test configuration in Scenario 3 (2.6GHz).

The test result for 2.6GHz 3D-MIMO in Busy roads is that:
= Resource utilization rate : The PRB utilization rate of DL/UL in busy hour is about 40%.

= Spectrum efficiency : DL/UL spectral efficiency increases by 74%/53% in busy hour.

NGMN TTI TTBB Report, Page 14 (123)
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Scenario 4: High-rise ( Single Building )

RSRP value

-90
-95
-100
-105 -
-110 -
-115 -
-120 -
-125 -
-130 -

1 5 9 15 22 26 32 36 41 43
B 8antennasli 3D-MIMO

Figure 2.1.2.1-7: Test configuration in Scenario 4 (2.6GHz).

The test result for 2.6GHz 3D-MIMO in High-rise scenario ( Single Building ) is that:

= The height of the building is about 200 meters.
= Before using 3D-MIMO, there was weak coverage for users located above 15th floor, the RSRP value

cannot be guaranteed on higher floors.
= Using 3D-MIMO in Band D2, coverage was provided for higher floors.

Scenario 5 : High-rise scenario ( Building blocks )

RSRP of 3D-MIMO @619RSRP of 3D-MIMO @

A : 5000 6204
(11T

-105.000
1IF 4F J7F 11F 14F 17F 21F 1F 4F 7F 11F15F 1BF 21F 24F 26F

RSRP of 3D-MIMO @ 621#

-#5.000

-85.000
95,000 I I l InsnP_MM[daml

/ ) -105.000
1F 4F 7F 11F 14F 17F 21F 24F

Figure 2.1.2.1-8: Test configuration in Scenario 5 (2.6GHz).

The test result for 2.6GHz 3D-MIMO in High-rise scenario ( Building blocks ) is that:
= Before using 3D-MIMO, weak coverage issue for above 15th floor of all three buildings were observed.
= Using 3D-MIMO, weak coverage problem for upper floors of all three buildings was solved.

NGMN TTI TTBB Report, Page 15 (123)
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3D-MIMO vs. 8 antenna—DL 3D-MIMO vs. 8 antenna—UL

Commercial | Commercial | Commercial
network network network
+8 vidso UEs |+16 video UEs 8 arienna 3D-MIMO
8 anlenna 3D-MIMO

Figure 2.1.2.1-9: throughput performance of 3D-MIMO.

Figure 12 shows that Massive MIMO can improve the average cell throughput 2-3 times and the edge user rate 4-5
times, and it can be very useful in hot spot scenarios.

2.1.21.5 Conclusions

From the field trials conducted in more than 50 sites in China, the performance gain expected for 3D-MIMO has
been proved. 3D-MIMO can improve the spectrum efficiency effectively and strength the system coverage ability in
different deployment scenarios.

2.1.2.2 mmWave l

21.2.21 Description

There are several motivations to use the mmWave frequencies. Firstly, the enormous amount of licensed and
unlicensed spectrum in the super high frequency (SHF) and extremely high frequency (EHF) bands is the biggest
motivation. It is in clear contrast to the scarcity of bandwidth below 6GHz, making mmWave a prime candidate to
handle the soaring wireless traffic volume. Secondly, high propagation loss, due to general interactions with the
physical environment and oxygen absorption (frequencies between 53 and 67 GHz), allows frequencies to be
reused more aggressively. Therefore, it is ideal for small cells that are prone to inter-cell interference. Thirdly, the
small physical size of the antenna element facilitates the integration of a large number of antennas on chips.
Fourthly, beamforming allows the directional and targeted transmission between the transmitter and the receiver,
which could improve data security and privacy.

21.22.2 Test equipment

CMCC together with ZTE and Samsung present two mmWave prototypes, working at 15GHz and 28GHz bands
respectively. showcase the base station and user terminal hardware.
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Base Station

(a) ZTE: @15GHz, BW=500MHz, 2 Ports, (b) Samsung: @28GHz, BW=800MHz, 2 Ports,
Peak rate in Labs : 3.77Gbps Peak rate in Labs : 3.66Gbps

Figure 2.1.2.2-1: ZTE and Samsung prototype and specifications.

2.1.2.2.3 Test environment
e /TE Test environments

Indoor (corridor) Outdoor

Figure 2.1.2.2-2: ZTE indoor and outdoor test environments.

e Samsung Test environments
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e
Indoor (open office)

Figure 2.1.2.2-3: Samsung indoor test environments.

21224 Testcases

» ZTE indoor test cases: throughput (LOS and NLOS), coverage (LOS), penetration (glass, painted
glass, wooden door, concrete wall and iron plate), beam directionality.

» ZTE outdoor test cases: throughput (LOS and NLOS), beam-tracking (5km/h, 15km/h), beam
reflection, beam diffraction.

» Samsung indoor test cases: Indoor single-user LOS throughput, Indoor single-user NLOS
throughput, Indoor multi-users throughput, Indoor beam-tracing, Coverage (LOS), shadowing, Beam
width, Penetration (glass door, whiteboard, wooden(0.8CM), wooden(1.6CM), iron sheet,
plasterboard, Ferro concrete)

2.1.2.2.5 Test Results

CMCC has finished mmWave test together with ZTE (15GHz) and studied the mmWave signal characteristics,
including penetration loss, reflection/diffraction and mobility, etc. The operating bandwidth is 500MHz and the BS
transmit power is 16dBm for safety concerns.

. Penetration loss: the penetration losses of various materials at 15GHz are listed in Table IV.
Note that each occluded object was place directly in between the transmitting and receiving antennas, and

the penetration loss is defined as the RSRP difference with and without the occluded object.

Table 2.1.2.2-1: Penetration loss for different materials at 15GHz.

Occluded object glass p;;:::d wooden door | concrete wall | iron plate
Penetration loss
(dB) 1.5 35 6 30 27
NGMN TTI TTBB Report, Page 18 (123)
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. Reflection loss and diffraction loss: as shown in Table V,for the same material, the reflection
loss is smaller than diffraction loss, which is expected.

Table 2.1.2.2-2: Reflection and diffraction loss for different materials at 15GHz.

Occluded Glass Wall reflection Floor Metal Building Heavy foliage
object reflection reflection reflection diffraction diffraction
Loss 3~10
(dB) 3 3~5 3~5 1~2 3~10
. Mobility: When the UE is moving at a low speed, such as 15km/h, this mmWave prototype can

perform beam measurement and beam tracking according to the channel condition in real-time.
Continuous transmission can be maintained most of the time, except when severe blockage happened i.e.
foliage blocking. The BS operated with 27 beams and the UE operated with 24 beams.

throughput graphic

Thioughpust{Mbps)
4000.0

Throughput

Continuous
transmission
when moving

16:28:39 16:30:39 16:31:39 16:3239 16:33:39

Time

Figure 2.1.2.2-4: mobility test route and throughput graph.

CMCC has also finished mmWave test together with Samsung (28GHz) and studied the mmWave signal
characteristics, including multi-user support (TDM), penetration loss and reflection/diffraction, etc. The prototype
operates with 800MHz bandwidth, and its transmission power is 37dBm.
. Penetration loss: the penetration losses of various materials at 28GHz are summarized in Table
VI. The penetration loss was measured in the same manner as described in the ZTE tests.

NGMN TTI TTBB Report,
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Table 2.1.2.2-3: Penetration loss for different materials at 28GHz.

Green Green
OCCI.Uded Body Hand |lron sheet Plaster Glass Wood Plan.t S Plants |Trick wall
object board door (median ..
. (Big size)
size)
[Penetration
loss ~20 ~15 ~18 ~4 ~3 2~4 ~6 ~10 ~40
(dB)
. Indoor multi-users supporting (TDM):

Figure 2.1.2.2-5: indoor UE locations for MU-MIMO test.

Samsung’'s 5G high-frequency system is designed to support multiple UEs (Figure 2.1.2.2-5). The current 5G
system scheduled two UEs in either time division mode or frequency division mode (based on UE belong to one
same Tx beam or not). Therefore, the peak system throughput of two UEs is 3.66Gbps.

21.2.2.6 Conclusions

In this contribution, the penetration losses for different materials at mmWave frequencies were presented. Glass
and wood only have around 3dB penetration loss, while concrete walls can have as high as 40dB loss. It is also
observed that the reflection loss is relatively smaller compared to diffraction loss for the same material. For indoor
environments, coverage distance is reasonable due to rich multipath present; for outdoor environments, signal is
easily lost when blockage happens (e.g. foliage and vehicles). Under mobility tests, single user can be tracked at
low velocity (pedestrian: 5km/h and vehicular: 15km/h). Future test will focus on validating other mmWave
characteristics such as high mobility scenarios and multiple-users beam tracking.

2.1.2.3 mmWave ll

21.2.31 Description

The exceptional growth in areas of mobile subscriber, wireless network access, mobile services and
applications shows evidences of the continuous expansion of cellular communication. The 5G (fifth generation)
mobile communication standard, the formulation of which is still in incubation, aims to solve the avalanche of
traffic volume. One of the promising candidates is to use the millimeter wave frequency band to get the wide
available spectrum. To overcome these un-favorable channel properties, i.e. high path loss, propagation loss,
rain fading...,e.t.c., the beam-forming, beam tracking together with phased array antenna are the most crucial
key technologies. ITRI developed an integrated 38GHz 5G millimeter-wave radio access experiment platform

NGMN TTI TTBB Report, Page 20 (123)
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which adopts the hybrid beam-forming architecture designed with an 8-by-8 64-antenna phased antenna array
for eNB and a 1-by-8 8-antenna phased antenna array for UE to implement the beam-forming technology, also
a beam-tracking algorithm is developed to support the mobile transmission. And the test items in this report
includes three: First is the RF beam pattern test. This test purpose is for the beam coverage and consistency
between Tx and Rx. Second is the indoor test. This test is for the data rate measurement at short range. The
last one is the outdoor test. The outdoor test is for the long distance (100m) data rate measurement. The
system specifications for these tests are as shown in Table 2.1.2.3-1as below:

Table 2.1.2.3-1: System Specification (38GHz).

System parameters Description
Numerology Modified LTE OFDM/SC-OFDM
Slot duration [us] 100
Sub-frame duration [us] 200
Frame duration [ms] 2
Channel bandwidth [MHZ] 62.5
Subcarrier spacing [kHZz] 360
Carrier Aggregation No./BW [MHZ] 4/250
RF Center frequency [GHZz] 38
Beam Coverage angle [deg] 120
Number of eNB/UE Beam 8/4
Number of eNB/UE antenna elements 64 /32
RF Tx EIRP [dBm] 55

21.2.3.2 Beam Pattern Test

21.2.3.21 Test equipment

Figure 2.1.2.3-1 showns the test equipment setup for this beam pattern test. The DUT are the ITRI designed
38GHz mmWave transmiiter RF front-end module and receiver RF front-end module respectively, toghter
with a digital RF control board for TX/RX RF front-end modules configuration and beam steering. A horn-
antenna is used as the golden reference unit for this test. For the beam pattern test, an IF/38GHz single-
tone is generated by an Signal Generator(SG) to the ITRI 38GHz TX RF front-end module/horn antenna
upconverted/downconverted to 38GHz RF/IF signal, The transmitted/received of eNB/UE through the 8x8
antenna array/horn antenna at the target test distance, and then to the Signal Analyzer(SA).

NGMN TTI TTBB Report, Page 21 (123)
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38GHz 38GHz 38GHz IF ST
IF ST Signal ST Signal 332;2 ST Signal ST Signal Signal
Antenna 38G
Horn
Antenna
SA SA
Tx Beam Pattern Test Rx Beam Pattern Test

NGMN TTI TTBB Report,

Figure 2.1.2.3-1: ITRI beam pattern test equipment.

2.1.2.3.2.2 Test Environment

e ITRI beam pattern test is in an open indoor gym, in which the antenna array and horn antenna are pla
ced at the spot which is far enough from the main reflector: wall to avoid the possible reflected signal
received.

T = ij

1 | ITRI/Badminton Hall r =

2 : + st e JT!HV
indoor (ITRI/Badminton Hall)

Figure 2.1.2.3-2: ITRI beam pattern test environments.

21.23.2.3 Test Purpose

° Investigate both the eNB and UE Beam Pattern
) Check the consistency of eNB/UE between Tx and Rx Beam Pattern

21.2.3.24 Configuration

Scenario: indoor LOS

Test signal: single tone signal @ 38GHz
Test distance = 5m, far-field region

Test angle range: -80 deg. ~ +80 deg.

21.23.2.5 Procedures
L] eNB/UE Tx Beam pattern test

Version 1.0, 29 —06-2017
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1. Align the normal direction of eNB/UE antenna array to the main beam direction of horn antenna

2. Configure the phase and amplitude parameters of the phased array module through the digital control
board, making the phased array could form a certain transmitted beam.

3. Capture eNB/UE Tx ST(single tone) output power received by horn antenna

4. Rotate to change eNB/UE angle with 5 degree per step, acquire and record the RF power received b
y horn antenna

o eNB/UE Rx Beam pattern test

1. Align the normal of eNB/UE antenna to the main beam direction of horn antenna

2. Configure the phase and amplitude parameters of the phased array module through the digital control
board, making the phased array could form a certain received beam.

3. Emit a RF ST from horn antenna toward eNB/UE antenna array

4. Capture the received power from eNB/UE Rx

5. Rotate and change eNB/UE angle with 5 degree per step and acquire the received power from eNB/
UE Rx

21.23.2.6 TestResults
The test results for the eNB Tx/Rx and UE Tx/Rx beam patterns are as shown in the Figure 2.1.2.3-3.
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Figure 2.1.2.3-3: ITRI beam pattern test result at eNB side.
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The test results are summarized as in the Table 2.1.2.3-2 and Table 2.1.2.3-3 respectively for eNB and UE.

NGMN TTI TTBB Report,
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Table 2.1.2.3-2: Tested Result summaries of eNB beam

Main Beam Direction

) -48 -33 -19 -5 10 26 36 55

Gain Deviation(dB) -5.1 -3.7 2.1 -0.7 0 2.3 -4.5 -5.9
Beamwidth (degree) 12 16 14 14 11 13 18 6
SLL (dB) 7.6 5 9.7 10.4 12.7 10 6.6 7.3

~ NBRX beam0 beaml beam2 beam3 beamd beamS beam6  beam?
Main Beam Direction 49 35 20 8 9 24 43 5>
(degree)

Gain Deviation (dB) -6.3 -2.5 -1.4 0 -0.6 -1.1 -4.1 -5.6
Beamwidth (degree) 17 14 15 13 12 15 18 8
SLL (dB) 1 5.8 9.5 10.6 8.5 6.8 7 6.1

Table 2.1.2.3-3: Tested Result summaries of UE beam

Main Beam Direction

(Qemma) -40 -17 13 44
Gain Deviation (dB) -1.1 0 -0.7 -2.7
Beamwidth (degree) 16 12 13 18
SLL (dB) 6.5 7.2 3.3 1.5
.~ UERX beam0  beaml  beam2  beam3
Main Beam Direction 47 19 1 39
(degree)
Gain Deviation (dB) -3.2 0 -0.6 -3.4
Beamwidth (degree) 17 14 12 23
SLL (dB) 2.5 6.7 6.1 5.3

2.1.2.3.2.7 Conclusion:

The imbalance and distortion of the beam patterns between TX and RX could be attributed to the amplitude and
phase differences among the signals radiated from each antenna element. Amplitude and phase differences can
be resulted from any point in the RF chain and can be attributed to the natural variance in different RF hardware
and mismatches in the lengths of transmission lines. The parameters of RF components connected to each
element depend on the temperature and usually drift with time. From these beam pattern tests, calibration is
necessary to reduce the amplitude and phase errors and to generate precise beamforming and beam shaping in
phased arrays.

2.1.2.3.3 Indoor Test

2.1.2.3.3.1 Test Environment

e ITRIindoor test is proceeded in an indoor Badminton hall at the distance of 2m and 25m as shown in
Figure 2.1.2.3-5.
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21.2.3.3.2 Test Purpose

Figure 2.1.2.3-5: ITRI indoor test environment.

° Indoor LOS Max. Data rate Measurement

21.2.3.3.3 Configuration
() Scenario: indoor LOS

® Modulation: OFDM 64-QAM
[ ) Test distance = 2m, 25m

2.1.2.3.3.4 Procedures
) Signal Flow

» The baseband modem at eNB and UE side transmitted and received the signal with OFDM 64-QAM

over the air.

> For transmitted side, the baseband | and Q digital signals generated by baseband unit were combined
and converted into analog IF signals. RF transmitter up-converted the IF signal to mmWave signal, a
nd then radiated it through the phase array.
> For the recevied side, the phased array caught the millimeter-wave signal from the transmitted side. T
he receiver down-converted the signal to IF signal, and then the baseband unit converted the analog |
F signal into the baseband digital | and Q signals.

® LOS field test

1. Check IF OFDM spectrum to make sure the baseband unit is working.

2. Align the antenna beams between eNB and UE sides for maximum signal power in transmitting and r

eceiving

3. Check the quility of received signal such as constellation

4. Acquire and analyze DL/UL signal information (ex. SNR, EVM, BER ...)

2.1.2.3.3.5 Test Results

NGMN TTI TTBB Report,
Version 1.0, 29 —06-2017
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Table 2.1.2.3-4: Indoor LOS test results

Dsitance

LoS 2M 25M
SNR (dB) 42 38
EVM (dB) 28 25
PER (dB) 0% 0%
64-QAM

# e
PHY. Rate~ 1Gbps .
PHY. Rate~ 1Gbps

2.1.2.3.3.6 Conclusions

From the test results, it shows that the feasibility of tranmission at the mmWave frequency band in the indoor LOS
scenario that the OTA 1 Gbps peak data rate could be achieved with OFDM 64-QAM, 250 MHz bandwidth at the
short distance 2m and 25m at the 38GHz mmWave frequency band with achieved EVM performance -28dB and -
25dB respectively.

2.1.2.3.4 Outdoor Test

2.1.2.3.41 Test Environment

The outdoor field test is proceeded in an outdoor LOS scenario at a distance 100m as shown in Figure 2.1.2.3-6.
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outdoof outdoor

Figure 2.1.2.3-6: ITRI outdoor test environment.

21.2.34.2 Test purpose
@ Outdoor LOS maximum data rate measurement

21.23.4.3 Configuration

® Scenario: outdoor LOS
® Modulation: OFDM 16-QAMSignal
® Test distance = 100m

2.1.2.3.4.4 Procedures

® Signal Flow

»  The baseband modem at eNB and UE side transmitted and received the signal with 16-QAM
OFDM over the air.

> For transmitted side, the baseband | and Q digital signals generated by baseband unit were c
ombined and converted into analog IF signals. RF transmitter up-converted the IF signal to m
mWave signal, and then radiated it through the phase array.

> For the recevied side, the phased array caught the millimeter-wave signal from the transmitted
side. The receiver down-converted the signal to IF signal, and then the baseband unit convert
ed the analog IF signal into the baseband digital | and Q signals.
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® LOS field test
1. Check IF OFDM spectrum to make sure the baseband unit is working.

2. Align the antenna beams between eNB and UE sides for maximum signal power in transmittin
g and receiving

3.  Check the quility of received signal such as constellation
4.  Acquire and analyze DL/UL signal information (ex. SNR, EVM, CRC ...)

2.1.2.3.4.5 Test Results

Dsitance
LOS 100M
SNR (dB) 18
EVM (dB) 17
PER (dB) 0.08%
16-QAM
PHY. Rate~670 Mbps

2.1.2.3.4.6 Conclusions

From the test results, the constellation performance of 16-QAM is poor w.r.t PER ., they are mainly resulted from
the coupling effect from the transmitter power amplifier to the receiver RF front-end circuit. To get a target
transmission performance for long distance, the transmitter RF front-end circuit and receiver RF front-end circuit
have to be shielded properly to avoid the coupling interference between transmitter and receiver.

2.1.2.3.5 Conclusions

In this contribution, some test results with ITRI developed millimeter wave wideband platform has been presented.
The field trials demonstrated the feasibility of mobile cellular communications at the millimeter wave frequency. The
platform achieved an aggregate data rate of 1 Gbps in the downlink for the indoor LOS trial at the distance of 2m
and 25m. For the long distance transmission with higher tranmission output power, the transmitter RF front-end
circuit and receiver RF front-end circuit have to be shielded properly to avoid the coupling interference between
transmitter and receiver. Future test will focus on further validating the indoor NLOS scenario, outdoor high mobility
scenarios and long distance transmission with properly shielded and high order modulation, to investigate the
maximum coverage and peak data rate which could be achived at millimeter wave frequency.
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2.1.3 Multiple access scheme
2.1.3.1 Sparse Code Multiple Access

2.1.3.1.1 Description

The Sparse Code Multiple Access (SCMA) can benefit 5G new radio by high capacity with great flexibility and
robustness. It provides open-loop multi-user multiplexing both in single-cell and multi-cell scenario which provides
improved system capacity with uniform user experience, and more flexibility and robustness against interference
and channel aging [3].

The principle of SCMA is shown in the Figure 2.1.3.1-1. The input bits are directly mapped to codewords and
spread over multiple sub-carriers. Codewords can be assigned to same UE or different UEs.

FEC Pribrz--.
Encoder 1

ba1bos...

SCMA MODULATION
CODEBOOK MAPPING

SCMA MODULATION

<, SCMA block 1 SCMA block 2
CODEBOOK MAPPING

SCMA MODULATION
CODEBOOK MAPPING

SCMA MODULATION
CODEBOOK MAPPING

SCMA MODULATION f
CODEBOOK MAPPING

SCMA MODULATION
CODEBOOK MAPPING

Encoder 6
E—

Figure 2.1.3.1-1: SCMA transmission principle.
Therefore, when using SCMA in the DL, it will be easier to multiplex non-orthogonal multi-users without considering
the power gap among multi-users. The purpose of the test is to show such benefit of SCMA.

21.31.2 Test Environment

There are 1 gNB and 3 UEs required for the test. The gNB is composed of a baseband processor (BBU), a switch
to connect BBU to a RF interface (RFI), and a broadband RRU. The UE is composed of a Server, a RF Unit (RFU)
and Antennas, as shown in the Figure 2.1.3.1-2.
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Figure 2.1.3.1-2: lllustration for SCMA testing.

3 UEs are deployed under the coverage of the gNB and access the 18 MHz center band. The UE1 will be put close

to the gNB, and UE2 and UES3 will be put at the border of gNB coverage.

Some configuration parameters are listed in the following table:

Table 2.1.3.1-1: Configuration parameters.

Configuration Item Value Remark
Operating Band 3.5GHz
Data subband bandwidth 20MHz (100RB) Baseline: LTE with 100RB
BS TRx Number 2T2R
UE TRx Number 2T2R
UE Number 3
MIMO mode SFBC
Numerology Subcarrier spacing:15KHz
CP length:5.2us/4.17us
TTIl length : 0.5ms
Tx Mode SCMA
CRS Yes
DmRS No
CQI feedback Yes
ACK/NACK feedback Yes
SRS No
HARQ retransmission No
AMC OLLA AMC Open AMC in test
Traffic Full buffer

2.1.3.1.3 Test Cases

The purpose of the tests is to show difference of the SNR, MCS and throughput of 3 UEs between using OFDM

only and using SCMA.

NGMN TTI TTBB Report,
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Testid | Technology UE number AMC/Fixed MCS Output
1 OFDM 3 UEs AMC SNR, MCS, Throughput
2 SCMA 3 UEs AMC SNR, MCS, Throughput

When test OFDM only, each UE occupies different PRBs. When test SCMA, 3 UEs share PRBs, as illustrated in
Figure 2.1.3.1-3.

P

UEL UE2 UE3
> f
ad
UE3
UE2
UEL p

Figure 2.1.3.1-3: the power and PRBs allocation in SCMA test.

2.1.3.1.4 Test Results

We had done the joint test in Huawei’s Lab in Munich. The connection between gNB and UEs is by air. One UE
(UE1) was near the gNB and other 2 UEs (UE2 and UE3) were put far from gNB. The test results were recorded in
the following table:

Table 2.1.3.1-3: Test results

OFDMA+TURBO
UE NUM UE ID RB MCS | Modulation Code Rate Throughput BLER SNR
UE1 34 27 8 0.91 25.4 0.02 27.8
8] UE2 33 3 2 0.4 2.8 0.1 -0.4
UE3 33 5 4 0.3 3.8 0.08 -1.0

SCMA+TURBO
UE NUM UE ID RB MCS | Modulation Code Rate Throughput BLER SNR
UE1 100 21 8 0.9 51.1 0.09 26.15

3 UE2 100 4 0.3 3.2 0.1 0
UE3 100 4 0.3 25 0.11 -1.7
Gain 77.5%

2.1.3.1.5 Conclusion

As shown in the table, SCMA shows over 70% gain against OFDMA system. We can conclude that:

»  SCMA uses the multiple dimensional sparse code and MPA (Message Passing Algorithm) receiver to
achieve the multiple user capacity.
»  SCMA will have significant gain compared with OFDMA system especially the SNR gaps between group
users are large. In the investigated scenarios cell capacity gains mostly stem from the UEs in
significantly good radio conditions whereas cell-edge UEs keep the same level of performance as with
OFDMA.
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21.3.1.6 References
[8] R1-162155, “Sparse Code Multiple Access (SCMA) for 5G Radio Transmission”, 3GPP RAN1 #84bis

21.4 Channel coding
21.41 Polar code

21.411 Description

Polar code provides a full flexibility with very good performance in any code length and code rate without error floor
even in very low BLER area. It can benefit 5G new radio by high spectrum efficiency, low latency and excellent
robustness, thus Polar codes can be adaptive to various scenarios with different requirements in unified coding
construction. Polar code is theoretical proved to reach Shannon limit, which has good growth opportunities in future.

21.41.2 Test Environment

There are 1 gNB, 1 UE and a fading simulator required for the test. The gNB is composed of a baseband processor
(BBU), a switch to connect BBU to a RF interface (RFI), and a broadband RRU. The UE is composed of a Server,
a RF Unit (RFU) and Antennas. The RRU and the fading simulator, the fading simulator and UE antenna are
connected via RF cables. As shown in Figure 2.1.4.1-1.

gNB Fading Simulator
UE1
o
-EEm=E-  — A _T } !_
© |
Antenna RFU Server

BBU Switch RFI RRU

Figure 2.1.4.1-1: lllustration for Polar coding testing.

The proposed numerology is shown in Figure 2.1.4.1-2. Two TTls are used, one for Turbo and the other for Polar
to compare the throughput.
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Figure 2.1.4.1-2: Polar coding test numerology.

During the test, both Turbo code and Polar code will use the same MCS. The MCS used in the test is defined in the

following table:
Table 2.1.4.1-1: MCS Table

 mcs | s | RE [ oam | wmcs | TtBS | RE [ QAM |

0 1256 5720 2 15 12384 5720 4
1 1608 5720 2 16 13344 5720 4
2 1960 5720 2 17 13344 5720 6
3 2536 5720 2 18 14112 5720 6
4 3112 5720 2 19 15840 5720 6
5 3752 5720 2 20 17184 5720 6
6 4456 5720 2 21 18824 5720 6
7 5288 5720 2 22 20360 5720 6
8 6056 5720 2 23 21896 5720 6
9 6840 5720 2 24 23944 5720 6
10 6840 5720 4 25 24816 5720 6
11 7608 5720 4 26 26736 5720 6
12 8632 5720 4 27 27696 5720 6
13 9784 5720 4 28 32088 5720 6
14 10936 5720 4

Other configuration parameters are listed in the following table:
Table 2.1.4.1-2: Configuration parameters.

 Configurationttem  [Valve ~ [Remak |

Subcarrier BW 15kHz
BS TRx number 2T2R
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UE TRx number 1T2R

UE number 1

MIMO mode SFBC
Modulation and coding The same as LTE
System BW 20MHz
Component Carrier BW 20MHz
Nymber of Subgamer 1320

within each carrier

Frame structure e
(U/D conf. & S conf., etc.) DL:UL=5:2
CRS New design
Modification on DMRS No

Modification on CSI-RS

Not support CSI-RS

Modification on SRS

No

CQl Feedback

Based on CRS

measurement
ACK/NACK Yes
AMC Yes
Scheduling algorithm Greedy Based on channel correlation coefficient between UEs

2.1.41.3 Test Cases

The purpose of the tests is to compare the throughput between Polar code and Turbo code when the SNR is the

same.
Table 2.1.4.1-3: Test cases.
Testid | Coding scheme UE number | AMC/Fixed MCS Output
1 Polar v.s Turbo (QPSK) 1 AMC Throughput (same SNR)
2 Polar v.s Turbo (16QAM) | 1 AMC Throughput (same SNR)
3 Polar vs Turbo (64QAM) 1 AMC Throughput (same SNR)

21.41.4 TestResults

The test was done in Huawei’'s Lab in Chengdu. The connection between gNB and UEs is by cable. The fading
simulator simulated AWGN channel model between gNB and UE. The test results were recorded in the following

table:
Table 2.1.4.1-4: Test results
AMC/ Mod
Test | coding scheme | YEMY | Fixed | code | MCS | ulati | €°9¢ | BLER | SNR | TP™Y | Gain: P/T
id mber Rate ghput
MCS on
oo, T Turbo 3 2 0.23 0.1 358 | 4.16
1 o "’ES,’DS'SK;” o UE1 AMC 11.64%
Polar 3 2 0.23 0 367 | 465
oo, T Turbo 7 2 047 | 011 | 112 | 863
1 o "’EB"PSéK;” o UE1 AMC 13.37%
Polar 7 2 0.47 0 411 | 9.78
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Pol Turb Turbo 12 0.35 0.1 1.67 13.2
9 olar vs. Turbo UE1 AMC 10.32%
(16QAM)
Polar 12 0.35 0.02 1.62 14.57
Turbo 14 0.49 0.1 3.59 18.1
2 Polar vs. Turbo UE1 AMC 10.10%
(16QAM)
Polar 14 0.49 0.02 3.53 19.93
Polar vs. Turbo Turbo 21 0.56 0.1 9.41 31.54
3 (64QAM) UE1 AMC 10.82%
Polar 21 0.56 0.01 9.35 34.95
Polar vs. Turbo Turbo 26 0.76 0.1 13.66 42.09
3 (64QAM) UEA1 AMC 11.42%
Polar 26 0.76 0 13.55 46.89

2.1.41.5 Conclusion

As shown in the table, Polar codes always show more than 10% gain against Turbo codes, while the
maximum gain is 13.37%. Since Turbo and Polar always use the same MCS levels, the gain mainly comes from
the higher successful decoding rate of Polar codes. Turbo codes provide about 90% successful decoding rate,
while it is around 99% for Polar codes due to its better coding gain performance.
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2.2 UL Physical layer
2.21 Waveform
2.21.1 F-OFDM

22111 Description
Please refer to 2.1.1.1.1

2.21.1.2 Test Environment

There are 1 gNB and 2 UEs required for the test. The gNB is composed of a baseband processor (BBU), a switch
to connect BBU to a RF interface (RFI), and a broadband RRU. The UE is composed of a Server, a RF Unit (RFU)
and Antennas, as shown in Figure 2.2.1.1-1.

UE1

n 8-
Antenna RFU Server
-—_—— g — —T
UE2

BBU Switch RFI RRU ; ._ .
RFU

Antenna Server

Figure 2.2.1.1-1: lllustration for UL Filtered-OFDM.
The purpose of the tests is to show the performance of f~-OFDM for UL async transmission scenario. One UE is
transmitting on guard band and another UE is transmitting on center band. There are 1/2 symbol offset between
the two UEs as shown in Figure 2.2.1.1-2.

1 center band UE and
one guard band UE

Figure 2.2.1.1-2: signal configuration for f-OFDM test in mixed numerology scenario.

Other configuration parameters are listed in the following table:
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Table 2.2.1.1-1: Configuration parameters.

Configuration ltem Value Remark
Operating Band 2.35 GHz

BS TRx Number 2T2R

UE TRx Number 1T2R

UE Number 2 The performance of guard-band UE will be observed
MIMO mode SFBC

Data guard-band

cor dv%i " 0.72MHz 4RB
Center-band bandwidth 18MHz 100RB
Sub-carrier spacing 15KHz

CRS Yes

DMRS No

CQl feedback Yes

SRS No

HARQ retransmission No

AMC OLLA AMC

Traffic Full buffer

LSJ)IIEr:boI offset between two Oor 12

2.21.1.3 Test Cases

The UE1 will be allocated at the band next to sub-band of 15kHz sub-carrier spacing. For different test cases, there
will be 0/1/2/3 guard tone. The results will show the SNR, MCS and throughput of different waveforms with different

guard tone.

Table 2.2.1.1-2: Test cases.
Testid | Waveform UE number | Numerology Guard tone | AMC/Fixed MCS Output
" lorom . |1VE | o Confurable MCS | Thoughpu
I P AL R Conturable MCS | Troughpu
o opow o |1VE e |2 Contiurable MCS | Troughpu
e AL R Confgurable MCS | Thoughpu

22114 TestResults

We had done the joint test in Huawei’s Lab in Munich. The connection between gNB and UEs is by cable. The test
results were recorded in the following table:
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Table 2.2.1.1-3: Test results

. AMC/Fix | Symbol . .
Test id ed MCS offset UE id Waveform MCS BLER throughput gain
18M OFDM 26 0 24.65 0
18M f-OFDM 26 0 24.65
tand | amc 0
1™ OFDM 26 0 0.963 0
1M f-OFDM 26 0 0.963
18M OFDM 26 0 24.65 0
18M f-OFDM 26 0 24.65
sand | amc 112
1™ OFDM 16 0.04 0.446
115.92%
1M f-OFDM 26 0 0.963

2.21.1.5 Conclusion

As shown in the table above,

» When UEs are asynchronous, the performance of narrow-band UE with f-OFDM wave outperforms
that with the OFDM wave due to efficient inter-band interference suppression;

» The inter-band interference to wide-band UE is negligible in good channel conditions;

> It is expected that the performance gain of f-OFDM wave over OFDM wave will be even significant in
more challenging radio conditions.

2.2.1.2 OFDM waveform with improved guard band

Please refer to 2.1.1.2.
2.2.2 Basic transmission scheme

2.2.21 Massive MIMO

Please refer to 2.1.2.1.

2.2.2.2 mmWave l
Please refer to 2.1.2.2.

2.2.2.3 mmWave ll

Please refer to 2.1.2.3.
2.2.3 Multiple access scheme
2.2.3.1 Sparse Code Multiple Access with Grant free

2.2.31.1 Description

The Sparse Code Multiple Access (SCMA) can benefit 5G new radio by high capacity with great flexibility and
robustness. It provides open-loop multi-user multiplexing both in single-cell and multi-cell scenario which provides
improved system capacity with uniform user experience, and more flexibility and robustness against interference
and channel aging. [3]

The principle of SCMA is shown in Figure 2.2.3.1-1. The input bits are directly mapped to codewords and spread
over multiple sub-carriers. Codewords can be assigned to same UE or different UEs.
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Dy1biz...

EEC SCMA MODULATION
Encoder 1 CODEBOOK MAPPING

—>

FEC P21baz--

SCMA MODULATION g SCMA block 1 SCMA block 2
CODEBOOK MAPPING

Encoder 2

SCMA MODULATION
CODEBOOK MAPPING

SCMA MODULATION
CODEBOOK MAPPING

SCMA MODULATION f
Encoder 5 CODEBOOK MAPPING ¢ o sc1 sc2 sc3 sc4
" bg1b, > &
L SCMA MODULATION o
Encoder 6 CODEBOOK MAPPING &
—_—

Figure 2.2.3.1-1: SCMA transmission principle.

Since the users occupy the same resource blocks in a low density way, there is less collision even for large number
of concurrent users. Therefore, when using SCMA in the UL, it will typically support 3 times users compared with
LTE.

The SCMA in UL support low-latency and low-overhead grant-free transmissions for small and sporadic arriving
packets. The grant-free transmission can reduce significantly the signalling overhead and air interface latency. It is
applicable to the traffic with infrequent small packets for service applications. The grant-free principle is shown in
Figure 2.2.3.1-2.

LTE Based Msgl Msg2Msg3 Msga  Msgs oo Msg7 Msg8 (RLCACK) Msg10 Msgll Msg12
T}( Data (Rach) (RAR) (conn (conn (conn (ACK) (eonn  /Msg 9 (recnfg  (data TX)(ACK) (ACK)

arrival req) setup) :.::’s . Recnf done)

‘ . - - ‘ ,‘ 2 ,‘ - Dat? Tx

~ 100ms [1]

UCNC
Based Tx i e

i ~Ims

- Random access ‘ Control ARQ - User data

msg messages ACK/NACK

Figure 2.2.3.1-2: Grant-free principle.

2.2.3.1.2 Test Environment

There are 1 gNB and 1 UE Emulator required for the test. The gNB is composed of a baseband processor (BBU), a
switch to connect BBU to a RF interface (RFI), and a broadband RRU. The UE Emulator is connected to RRU via a
RF cable. As shown in Figure 2.2.3.1-3.
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UE Emulator

gNB

B

Switch RFI RRU

Figure 2.2.3.1-3: lllustration for SCMA with Grant-free testing.
Some configuration parameters are listed in the following table:

Table 2.2.3.1-1: Configuration parameters.

Configuration ltem Value Remark

Operating Band 3.5GHz

BS TRx Number 2T2R

UE TRx Number 1T2R

TTI length 1ms

Sample rate 30.72M

CP length ;?:)?_t %Eiﬁ%z(ag% g:g;lsss)) Same as LTE configuration
Modulation and coding SCMA For uplink small data transmission
System BW 20MHz

Available data BW 1.44MHz For uplink small data transmission
Configuration of DL and UL TDD configuration 1

Downlink reference signal CRS

Modified to support grant free

Uplink reference signal DMRS .
transmission

CQI Feedback Support

2.2.3.1.3 Test Cases

The purpose of the tests is to compare the connection number, packet loss rate and UP latency when using SCMA
grant free technology.

Table 2.2.3.1-2: Test cases.

Test id Technology UE number AMC/Fixed MCS Output
1 SCMA grant free Emulated Fixed Connection number
2 SCMA grant free Emulated Fixed Packet loss rate
3 SCMA grant free Emulated Fixed UP Latency
Note:

Connection number: Total number of simulated UEs and also the total connected number of UEs over 300s
according to traffic model (Poission distribution with 300s packet arrive interval). A UE is considered connected
upon successful reception of data at the base station.

Packet loss rate: Total packet loss of all UEs in 1s.

UP Latency: User plane (UP) delay, time spent from the availability of data packet at IP layer at the UE side to the
reception of the data packet at the IP layer at base station side. It's one way trip. And it's the application layer
latency.
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2.2.3.1.4 Test Results

We had done the joint test 5GIC Lab in London. The test results were recorded in the following snapshot and table:

+ Long: 521,160 Short: 4.69,144
+ SCMA

Figure 2.2.3.1-4: Snapshot of Ul display for test case 1 (Note 1)

B TIT Detail Information

Figure 2.2.3.1-5: Snapshot of Ul display for test case 2
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]
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___________________________]
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93.4%

Figure 2.2.3.1-6: Snapshot of Ul display for test case 3 (Note 2)

Table 2.2.3.1-3: Test results

Test id Technology

Traffic model

Note 1: About 180,000 connection number of LTE
The average interval of the packet is 300s, and each packet length is 160 bits. And there are some configurations
that we need to consider. We use 4 RBs and 10 symbols to transmit UL data. So the number of total REs is
4*12*10 = 480.The modulation is QPSK which means it can transmit 2 bits per RE. So if the code rate is 1/3, the
number of packets can be transmit per TTl is (480*2/3) / 160 = 2.There are 4 UL TTl in config1. But we use 1 TTI
for PRACH, so we only use 3 TTls for UL data transmission. So the total number of UEs in a period of 300s is
2*3*300*100 = 180,000.

Note 2: About the 63ms latency of LTE

UE number

AMC/Fixed MCS

Output

Connection number:
994,000 ~ 1,000,000

Packet loss rate :
0% ~ 1%

UP Latency:
4.1 ~ 4.2ms

PHY delay: time elapsed from the initiation of random access procedure at UE side to the reception of the first

data packet at physical layer at base station side;

User plane (UP) delay: time spent from the availability of data packet at IP layer at the UE side to the reception
of the data packet at the IP layer at base station side.
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In LTE, UE will change to IDLE state when no packets arrive, when packets arrive, UE changes to connected state
from IDLE state. It's around 58ms from PRACH to the ACK response. The UP latency = PHY latency + waiting for
PRACH opportunity. And the average waiting time is 5ms. So the UP latency of LTE is 63ms.The details are shown
in figure 12. No UE authentication & NAS security setup is taken into account, it is assumed that it is maintained in
core network. And the time in backhaul for AS security establishment is about 10ms.

AS securily  pRC RECONFIG
PRACH RRC_CONN_REQ RRC_.CONN_  Com_setp  AS setup

SETWW \ BS SG D ACK
N

DISUUPDISIUUDPPISIUUDPDISUUDP[UEUDDISUUDPIISO{UDDISIUfUDDISUUDPISUUDPEUUDDISUUDDS[UUD

UE eNB MME sGW HSS
Preamble———— |
l¢—RAR
RRC_Conn_req.———»|

<——RRC_Conn_setup

— Service req. >

| #—RRC_Conn_setup_complete—
—_— —— e —_— —_ — = .>

Initial UE message—p»|

ltinitial_context_setup_req.—

l——AS_security _setup:

<¢—RRC_Conn_reconfiguration—

«DL/UL DRB ready»_UL S1 bearer readyﬁ

—Initial_context_setup_resp.»|
—Modify_bearer_req.#

_DL S1 bearer readyﬁ
I

Figure 2.2.3.1-7: PHY latency and UP latency description in LTE

2.2.3.1.5 Conclusion

When the scheme is used in “INACTIVE” state, the user plane transmission latency is about 4.1ms and can be
reduced by around 93% compared to LTE which is appealing for delay sensitive application support in future 5G
networks. Massive connectivity with a large number of UEs can be simultaneously supported with the SCMA
multiple access scheme. The connection UE number can reach nearly 1 million, which can achieve above 453%
gain compared to the OFDMA scheme.

2.2.3.2 Non-Orthogonal Multiple Access Scheme based on Multi-Code Signaling (NOMA-MCS)

2.2.3.21 Description

A new multiple access technique belonging to the class of non-orthogonal multiple access (NOMA) based on multi-
code signaling (MCS) is proposed for the uplink data transmission mode in next generation systems in order to
handle the key challenges of 5G technology such as explosive data traffic (1000-fold increase by 2020), and to
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support the needs of the Internet of Things (loT). When the requirements of IoT and machine-type communication
(MTC) are considered, the 5G technology needs to support high spectral efficiency and massive connectivity of
users/devices and the demand for low latency, short packet duration, low power, high mobility and diverse service
types.

In NOMA, many more users via non-orthogonal resource allocation can be superposed in the code domain by
spreading user signal across time and/or frequency resources when compared to conventional orthogonal multiple
access technologies (OMA) [1, 2]. The proposed techniqgue NOMA-MCS possesses key advantages of NOMA
such as, improved spectral efficiency, massive connectivity, and low transmission latency and signaling cost, while
a receiver architecture with significantly reduced complexity is introduced for a general NOMA format in highly
dispersive channels.

These are the novel features of NOMA-MCS:
—  Suitable for highly dispersive channels (large delay spreads)
— Low complexity receiver: joint equalization and multi-user detection (MUD)
—  Flexibility (many NOMA schemes are special cases of NOMA-MCS)
— Index modulation in code domain
¢ A bank of non-orthogonal waveforms from which each user can randomly pick one of them
with phase modulation
e Coding gain is obtained compared with orthogonal spreading or simple repetition
e Mdistinct (not necessarily orthogonal) waveforms are assigned to each user.
e Each user transmits one of these waveforms at each signaling interval after applying phase
modulation [3, 4]:
N—-1
va(t) =D gt — K1) for I} € {1.--+ M},

k=0

The exemplary transmitter and receiver architectures of this NOMA-MCS for the uplink transmission are provided in
Fig. 1 and 2 respectively. At the receiver side,
= Each user has baseband equivalent channel response h,(t), then the received baseband signal at the
access point can be expressed as

Zh,, ) * a,(t) + n(t ZZ&U”]‘—H ¢ +on(t)

n=1 n=1 k=0
where s'(t) = g"(t)*h,(t) forn=1,... K, and i=1,...,M.
=  This general multi-path multiple access (MAC) model accounts for user-asynchronous transmissions due
to imperfect network synchronization and propagation effects [3, 4]
—  Coarse symbol synchronization is required
=  Suitable for high mobility and short-packet communication:
— No block equalization as in OFDM is neccessary
— Adaptive operation can easily be incorporated
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Figure 2.2.3.2-1: NOMA-MCS based Uplink Transmission.
Transmitter Side (with sample waveforms for K= 2, M= 2).
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Figure 2.2.3.2-2: NOMA-MCS based Uplink Transmission.
Receiver Side (with sample waveforms for K= 2, M= 2).

2.2.3.2.2 Test Environment

MATLAB based simulation environment is built, and the performance of the proposed receiver architecture is

obtained for uplink transmission based on the selected parameters and scenario.
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2.2.3.2.3 Test Cases

The performance of the proposed Ungerboeck type low complexity multi-user decoding (MUD) architecture [4] is
investigated for NOMA-MCS at uplink (without using any outer channel code). Error rates at different receiver
complexities are compared with that of the matched filter bound (MFB) [4]. Each user transmits one of the 4
signaling waveforms with QPSK modulation, i.e., M=4, P=4. Each waveform, constructed randomly, is composed
of 16 chips (Nc=16). There are more efficient approaches yielding waveforms with better cross- and auto-
correlation properties, but we have shown that the proposed receiver performs well even without such
optimizations. Gray bit mapping is utilized for phase symbols. The channel is composed of 64 Rayleigh fading taps
chosen from an exponentially decaying power delay profile where there is a 30dB difference between the first and
the last channel tap powers. The channel taps are assumed to be independent and a block fading model is
assumed with a block of length 100 NOMA-MCS symbols (signaling interval). In this case, the spectral efficiency is
0.25 bits per channel use per user.

2.2.3.24 TestResults

In Figure 2.2.3.2-3, the effectiveness of CMF is demonstrated for NOMA-MCS scheme in dispersive uplink channel
with length 64 when 2 users are transmitting simultaneously (K=2). The received signal after code matched filtering
is shown with and without CMF. It is observed that the CMF helps the receiver collect all the power at the main tap
which indicates the proper sampling time while making synchronization less demanding.
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Figure 2.2.3.2-3: Received signal vs time.
In Figure 2.2.3.2-4, the BER performance of the message-passing algorithm (realizing the reduced complexity

MUD) is demonstrated for increasing number of users (K) when they share the same resources. It is observed that
the performance degrades gracefully as the system load increases.
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Figure 2.2.3.2-4: BER vs SNR of the message-passing algorithm.

2.2.3.2.5 Conclusion

The proposed scheme is a promising approach to enable adaptive configuration of non-orthogonal multiple access
scheme to support diverse services and applications in future 5G networks because of its novel features.
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224 Channel coding

2.2.41 Polar Coding
Please refer to 2.1.4.1.
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2.3 Frame Structure and Duplexing
2.3.1 Frame structure
2.3.1.1 Self-contained subframe

23111 Description

Self-contained subframe is one of the basic constructs of the frame structure in 3GPP NR. Self-contained subframe
with an opportunity for DL control, data transmission (DL or UL) and immediate feedback from the UE in a downlink
slot is a fundamental difference of 5G TDD frame structure compared to 4G frame structures. This structure helps
in realizing low latency by reducing the minimum number of HARQ interlaces needed while helping reduce the
HARQ buffer requirements on UE for multi Gbps peak rate scenarios which can be expensive (both area and
power) for UEs. It also helps in future compatibility of 5G NR waveform by allowing future waveforms to be easily
inserted in a 5G frame structure without disrupting the operation of a Release 15 eNB/UE.

Some examples of the building blocks of a self-contained subframe are as shown below. The combinations below
show the presence of DL control and DL data in DL subframes. Similarly, in the UL subframes, several
combinations with UL data and UL control are possible.

DL Type O DL Type 1 DL Type 2

UL Type O UL Type 1l UL Type 2

Figure 2.3.1.1-1: Some example of self-contained subframe for DL and UL.

In particular, we propose to use the combination of the following two constructs in our self-contained downlink
subframe.
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Figure 2.3.1.1-2: Proposed construct for self-contained downlink subframe.

The subframe duration will span 14 OFDM symbols which will be divided between DL control, traffic and UL
control.

2.3.1.1.2 Test Environment

The lab configuration consists of a UE and a gNB prototype. gNB prototype is capable of transmitting control and
data using a self-contained subframe. UE prototype is able to process the self-contained subframe within the tight
timing constraints. An optional channel emulator and a noise simulator may be present in the system.

2.3.1.1.3 Test Cases

Test scenarios involve transmission of waveforms with various modulation and code rates, demodulation of
transmitted data and ACK/NACK transmission by the data within the parameters of the self-contained subframe.
OFDM waveform will be used for transmission in both DL and UL. Guard band used for transmission with the
OFDM waveform may also be varied to study the impact of higher utilization of the bandwidth. Test scenarios
involve both noiseless as well as channel/noise impairments in the received waveform and the corresponding
ACK/NACK generation by the UE. KPIs of interest include overall throughput measured at the UE, HARQ latency
and the application latency perceived by the UE.

2.3.1.14 Test Results

Self-contained subframe with the following structure was implemented on FPGA based proto platform and
demonstrated at MWC 2017.
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Figure 2.3.1.1-3: Self-contained subframe structure.
In the above slot structure, we have a series of downlink centric slots with opportunity for UL transmission at the
end of each DL transmission. Within the DL transmission, 1-2 symbols are allocated for downlink control (PDCCH),
while 2 symbols at the end are allocated for UL transmissions from the UE including UL ACK for the DL data
received in the slot, UL data transmission for short packets and finally the opportunity for SRS sounding to be used
for TDD reciprocity in a TDD system with massive MIMO configuration.

This is one of the proposed slot formats in 3GPP 5G NR. In the specific configuration demonstrated here, the
latency from DL PDSCH transmission to corresponding UL ACK transmission from the UE corresponds to O slots
(K1=0). In order to meet self-contained slot requirements, the following sequence of operations are required of the
UE.
1. Decode PDCCH to determine UL or DL slot
a. If DL slot, corresponding UE allocation and prepare for demod
b. If UL slot, corresponding UE grant for transmission and prepare for UL transmission
2. Assuming DL slot shown here, process PDSCH with a tight pipeline latency to meet the turn around
requirement
3. Generate ACK/NACK decision and prepare corresponding waveform for transmission in the UL portion of
the slot.
4. In addition, prepare any short packets for transmission if grant is available for a short PUSCH transmission
in the UL common burst region.

We implemented the slot format with underlying OFDM waveform and 30kHz numerology, over 100MHz BW. The
guard period is set to 1 OFDM symbol. Multiple data bearers were mapped to this slot configuration with the first
data bearer carrying TCP traffic while the second bearer mapped to PING application. For the TCP traffic, the data
in the UL portion of the slot was used to ensure that the TCP ACK packets keep flowing without the explicit
scheduling of an UL centric slot. TCP ACK packets that are generated corresponding to the peak rate in the DL can
still fit within the capacity provided by the data portion of the UL common burst.

For the ping application, we have demonstrated an end to end average latency of 1.85ms at the application layer.
Low latency, especially in the context of eMBB, is an important consideration for 5G. In real world, the application
server may not necessarily be at the edge and packets may have to be routed deep into the network. While there is
an effort to bring servers to the edge, it becomes even more important to ensure that PHY latency is reduced as
much as possible. We have demonstrated that self-contained subframe structure is an important component in
reducing the latency at the PHY layer. In addition, we have also shown, through proto based implementation, that
the structure proposed here can be realized with reasonable hardware and software complexity.

2.3.1.1.5 Conclusion

Self-contained subframe structure is key to realizing the low latency and forward compatibility goals for 5G NR. We
have demonstrated the feasibility of DL self-contained slot through FPGA proto based implementation.
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2.3.2 Duplexing schemes
2.3.2.1 Full Duplex LTE Base Stations, Half Duplex TDD Clients

2.3.21.1 Introduction

We investigate the gains provided by a full duplex base station (BS) with half duplex TDD clients over current
systems, where the BSs and clients are both half duplex (Figure 2.3.2.1-1). The full duplex BS has an uplink and
downlink active simultaneously and can, thus, theoretically provide a 2X spectral efficiency gain over the half
duplex BS. The key challenge in implementing a full duplex BS is cancelling the self-interference: the transmission
on the downlink to the blue UE interferes with the reception from the green UE. The cancellation desired is on the
order of 100 dB, requiring both analog and digital cancellation circuitry to cope with the large dynamic range.
Recent advances [1] have made such cancellation feasible, potentially doubling the value of spectrum resources
worldwide. In this document, we quantify the throughput gains of deploying full duplex base stations with half
duplex UEs through simulations of realistic scenarios: varying the level of self interference cancellation, accounting
for inter and intra-cell interference and modelling application dependent traffic patterns at different UEs.

Self
Interf

"2
) ®

Full Duplex UL at time 1
BS

i
|/ \ﬁ i ke

Half duplex |j \Ij

UEs

Figure 2.3.2.1-5: (Left) Full duplex base station with half duplex UEs. (Right) Half duplex base stations with
half duplex UEs. The key challenge in building a full duplex BS is cancelling the self- interference.

DL at time 2

A full duplex network has more simultaneous transmissions than a half duplex network and, hence, has to deal with
larger interference. Consider Figure 2.3.2.1-2, with full duplex BSs on the left and half duplex BSs on the right. We
call the cell in the centre the ‘home cell’ and the six cells surrounding it are ‘neighbouring cells’. Each cell has three
sectors (i.e. three BSs), which we have color-coded for convenience: ‘red’, ‘blue’ and ‘green’ sectors. The
interference sources can be spilit into four categories:

1. Self-Interference: As described already, full duplex BSs need ~100 dB of self-interference cancellation.

2. UL UE to DL UE Interference: Consider the red sector of the home cell. In the full duplex system, the
magenta UE’s transmission on the UL interferes with the red UEs reception on the DL. In the half duplex
system, the red UE sees no such interference on the DL.

3. Neighbouring cell BS DL to UL UE: Consider again the magenta UE in the home cell. In the full duplex
case, the neighbouring cell BSs are transmitting on the DL and interfere with the magenta UE’s UL
transmission. In the half duplex case, however, all cells are simultaneously either on the DL or the UL.
Hence, the magenta UE’s UL transmission does not see neighbouring cell BS interference.
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4. |nterference sources common to half and full duplex: The neighbouring cell BSs interfere with the red UE’s
reception on the DL: this is the case in both half and full duplex systems. Similarly, the magenta UE’s UL
transmission sees interference from (a) the blue and green UEs in other sectors of the home cell and (b)
all UL UEs in neighbouring cells.

Duplex
G G N

Figure 2.3.2.1-6: Full duplex (left) and Half Duplex (right) DL and UL. The full duplex system has more
simultaneous transmissions and hence has to deal with more interference.

Interference Half
Duplex

Self Interference 1|
UL UE to DL UE 1]
in same cell
Neighboring cell BS DL 0
to UL UE
Other sector UEs on UL 1] 1]

Neighboring cell BS to DL UE

A full duplex system can mitigate the first two interference sources: by building cancellation circuitry to handle self-
interference and designing UE scheduling algorithms to tackle ‘UL UE to DL UE Interference’. Designing the
scheduler is the focus of this document. Figure 2.3.2.1-3 illustrates the scheduling problem. Suppose that the BS
wants to schedule DL, on the downlink. The full duplex BS has the freedom to choose which UL node is active at
this time: UL, or ULg. UL, is close to DL, and will cause large interference at DL,; ULg being farther away causes
less interference. Thus, it makes sense to ‘pair’ with ULg's transmission with DL;. Similarly, UL, -DL, is a better
pairing than ULy -DL, from an interference point of view.
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Figure 2.3.2.1-7: A full duplex BS can choose the nodes active on the DL and UL at the same time. The BS
can pair {UL,-DL,, ULg-DL} or {UL,-DL,, ULg-DL;}. The first pairing causes lesser UE-UE interference.

However, proximity and interference are not the only criteria to pair UEs on the UL and DL. Different UEs have
different traffic demands: some require higher DL rates (e.g. humans consuming data) while others need higher UL
rates (e.g. sensors uploading data to the cloud). Such application dependent traffic requirements must be
accounted for while pairing UEs and allocating airtime.

Prior work: In [2], the authors analyse the gains in a similar setting, with M downlink and M uplink users per cell.
Each frame has M slots and every user gets exactly one slot to transmit or receive per frame. [2] finds that full
duplex BSs give a gain of 1.8X over half duplex BSs even if the UL and DL UEs are paired at random. However,
there are a few unrealistic assumptions:
e [2] assumes that neighbouring cell transmissions can be cancelled at the cell of interest. This places a
tremendous load on the backhaul, as all the data at neighbouring cells must be available at the home cell.
o The traffic pattern is extremely uniform: each user gets exactly one slot per frame on both the UL and DL.
In reality, the rates demanded by different users vary based on the application
o The UEs always transmit at peak power, unlike real deployments that have UL power control.
e Sectorized antennas at the BS are not modelled.

Our contribution

e Neighbouring Cell Interference & Sectorization: We quantify the gain of full duplex BSs over half duplex
BSs with detailed models of neighbouring cell interference and sectorized BSs. We consider 2 layers of
BS interference (18 neighbouring cells: 6 in layer 1 and 12 in layer 2) and 1 layer of UE interference (6
cells). Each cell has three sectorized BSs, giving a total of 18 x 3 = 54 interfering base stations and 6 x 3 =
18 interfering UEs from neighbouring cells at any time.

e Variable traffic pattern: We propose a scheduler that adapts to application dependent traffic demands at
UEs, while ensuring fairness across users. To do this, we formulate a linear program that finds ‘good’ UL-
DL pairs in a cell. The linear program guarantees that each user gets a pre-specified minimum rate on the
DL and UL. It also limits each user's maximum rate, thereby ensuring fairness. In each cell, for any node d
on the DL and u on the UL, the linear program outputs the fraction of time (0-100%) for which a full duplex
BS pairs these users. We run Monte Carlo simulations based on the schedule output by the linear
program to verify the predictions. By running an analogous procedure for half duplex networks, we
compute the gain with full duplex BSs.

e Power control on the UL: On the uplink, UEs choose their transmit power (subject to an upper limit) so that
they arrive at a target power level at the BS.

e Conclusion: Over a wide range of self-interference cancellation levels (noise + 0-10 dB) and for varying
amounts of UL/DL traffic, we find that full duplex BSs provide 1.5-1.6X throughput gain over half duplex
BSs.

Outline
Our analysis has three stages:
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1. Given uplink nodes u;u,u;_and downlink nodes d.d,d; active in a cell, what are the UL/DL rates? We
compute the rates that usu,u; and d,d,d; get (see Figure 2.3.2.1-4), accounting for self-interference, UL
UE to DL UE interference in the cell (e.g. u;to d; or u; to d,) and neighbouring cell BS interference. We
use the antenna and propagation models in [3] to specify the power control algorithm for UL UEs and
compute UL/DL SINRs. The SINRs are mapped to link rates using Shannon capacity formulae.

2. Linear program to do scheduling: how often should uju,u; and d.d,d; be active on the UL and DL
simultaneously? This depends on the interference that u,u,u; cause to d,d.ds;: more the interference,
lower the DL rates and less likely the pairing. However, it also depends on the UL/DL rates demanded by
the UEs and fairness criteria. We formulate a linear program to capture these constraints and maximize
the sum rate. Note that the scheduling is multi-sector, but per-cell: we consider the impact of nodes active
in all sectors of the home cell, but we don’t know the schedule in neighbouring cells when designing the
schedule in the home cell.

3. Monte Carlo simulations to verify linear program: In Stages 1 & 2, each cell designs its schedule oblivious
of UL transmissions in other cells. Hence, we ignore inter-cell UE interference in these stages. We verify
that this assumption is justified by running Monte Carlo simulations with the schedules from Stage 2 and
accounting for inter-cell UE interference.

Figure 2.3.2.1-8: In the home cell, u,, u,, u; are active on the UL and d,, d,, d;are active on the DL.

23.21.2 System Parameters

We simulate a grid of hexagonal cells, where each cell has 3 sectorized BSs (Figure 2.3.2.1-5). The distance
between cell centres is 500 meters (i.e. cell radius = 500/\'3 meters). We consider 2 layers of BS interference (18
cells) and 1 layer of UE interference (6 cells): since the UEs have lower power than BSs, the UEs in the second
layer can be ignored when computing the interference at the home cell. We deploy 10 users in each sector (30
users/cell). The BSs transmit with power Pgs = 43 dBm and the UEs have a maximum transmit power of 23 dBm.
We compute rates assuming a 2x2 MIMO system on the downlink and a SISO system on the uplink. We consider
different levels of self-interference cancellation: ranging from perfect cancellation (unchanged noise floor) to 9X the
noise level (noise + self-interference = 10X noise, noise floor is 10 dB higher).
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Figure 2.3.2.1-9: Home cell, with 2 layers of BS interference and 1 layer of UE interference. Each cell has
three sectorized BSs. 10 UEs/Sector = 30 UEs/Cell.

2.3.21.3 Stage 1: Antenna & Propagation Models

BS Antennas: We use the antenna patterns specified in [3] for the sectorized BSs. The antenna gains in the
horizontal direction ¢ and the vertical direction 6 are

¢ 2
Ay(¢) = —min {12 (ﬁ) ,25 dB}
oy 2
Ay (8) = —min {12 (GIT?) ,20 dB]

where the downward tilt is 12 degrees. In the horizontal direction, the antennas in the three sectors are pointed
towards 30, 150 and 270 degrees respectively (with respect to the x-axis). The combined antenna gain in 3-
dimensions is given by

G(#,6) = —min[—Ag(4) — Av(6),25 dB]

UE Antennas: We assume that the UE antennas are isotropic.
Path Loss: We use the ITU-NLoS model for the path loss. For a carrier frequency of 2 GHz, the path loss at a

distance r, denoted by PL(r), is given by
PL(r) = 30.5268 + 36.7log,, (r in meters) dB

Figure 2.3.2.1-10: In the red sector of the home cell, served by BS1, u, is on the UL and d, is on the DL.
BS2 from a neighbouring cell interferes with transmissions in the home cell.

Sample receive power computations (Figure 2.3.2.1-6): Let a generic node x transmit to node y. We denote the

distance between the nodes by r,_,, and the received power at node y by P,_,,. With this notation, the received
power at d; from BS; is

Prssa = P —TPL{rpeoa ) — Grylfe . ou
where Pgs = 43 dBm and Gqxis BSy’s antenna gain in the direction of d; (641, @41). Similarly, the interference from
BS, at BS; is given by

Ppy, s, — Pus — Tlivpg, pe ) + Gy +Gax
N

PR el dewneanle o
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Since the BSs are at the same height and tilted downwards by 12 degrees, the antenna ‘gains’ at both ends of the
BS,-BS; link are negative.

The interference caused by UL UE u, at DL UE d, is
Poisi =P = PL{ry i
and the UL UE u, is received at BS; with a power
Poions, =P = PLita. spe ) — Gax (e o
where (6,1, @,1) denotes the direction of u; from BS;.

Note that the transmit power of the UL UE P,; is not a constant, but varies across nodes depending on the power
control algorithm. We now describe the power control algorithm, after which we can compute the receive power on
any link (BS-BS/BS-UE/UE-BS/UE-UE).

2.3.21.4 Stage 1: Power control algorithm

The UL UE u, chooses its transmit power F,; so that it arrives at the BS serving it (BS;) with a power Piger.
However, u,’s transmit power is limited to 23 dBm, implying that,

Py, = min [Piurget + PL(Tu, = Bs,) — Grx{0u,, bu, ), 23 dBm]
Figure 2.3.2.1-7 plots the UE transmit power as a function of the UE’s location. In the directions where the BS
antennas have high gain (close to 30, 150 and 270 degrees), the UE lowers its transmit power.
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Figure 2.3.2.1-11: UE transmit power as a function of location. In regions where the BS antennas have high
gains, the UE lowers its transmit power

Y distance (meters|

2.3.21.5 Stage 1: SINR Computations: Full Duplex

We now compute the SINR on the DL and UL for the home cell of a full duplex system shown in Figure 2.3.2.1-8.
(Analogous computations for the half duplex system are in the Appendix).

Figure 2.3.2.1-12: Home cell, full duplex. u,, u,, u; are active on the UL and d,, d,, d; are active on the DL.
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The SINR at DL node d; is given by
Ignore for scheduler

SINRDL(HI } = PB.“;[HrE]
I No + P, i, + Puya, + Py, + Other cell BSs + Colocated sector BS§+ Other cell UEs
UE-UE interf 18 x 3 — 54 BSs 2 BSs 63— 18UEs

Consider the terms one at a time.

e Pgsi_yq1is the power of the desired signal from BS;
e N,is the thermal noise

e ‘UE-UE Interf: The UEs on the UL in the home cell uy, u,, uzinterfere at d, with powers P41, Puosar,

P.s—sq1 respectively. We can control this interference by choosing (u4, u, us) appropriately.

e ‘Other cell BSs’: The base stations in neighboring cells are also transmitting on the DL and interfere at d;.
With 2 layers of base station interference (18 cells) and 3 BSs/cell, this term is a sum of 54 interferers.

e ‘Colocated sector BSs’: The DL transmissions of the blue BS and green BS in the home cell interfere at d,

e ‘Other cell UEs'’: All neighbouring cells have 3 UEs transmitting on the UL. However, the transmissions in
different cells are not co-ordinated and each cell designs its schedule oblivious of UL transmissions in
other cells. Hence, we ignore this term for scheduler design. However, when we run Monte Carlo
simulations based on these schedules (see 2.1.1.1.8) we include the interference from neighbouring cell
UEs to understand their impact on system performance.

DL SINR Summary: the SINR at DL node d; depends on the triplet of uplink nodes @ = (u;, u,, U;) that are active
at the same time in the home cell. For every triplet of uplink nodes @, we compute the SINR at d; and denote it by
SINRp, (d4,1) (ignoring other cell UEs for the moment).

Now consider the UL transmission from u;. The SINR at BS; is given by

Ignore for scheduler

qINR{'L(”I) _ PUJ—PBSJ
' KNy + P, s, + Pu,—ps, + Other cell BSg(+ Other cell UEs
N— N - : :
Self interference + noise Other sector UE interf 18 x 3 = 54 BSs 3=18UFg

e P,ps1is the receive power of the desired signal from u;

¢ We combine the self-interference and noise into one term KN, where K is a measure of the level of self-
interference cancellation. K = 1 (0 dB) implies perfect self-interference cancellation and the noise floor is
unchanged. K = 10 (10 dB) implies that the residual self-interference is 9X the noise level.

e ‘Other sector UE interf: UL UEs in the blue and green sectors of the home cell interfere with powers

P.o—sss1. Pus—spsi- We can control this interference by choosing (u4, u,, us) appropriately.

e ‘Other cell BSs’: In a full duplex system, the base stations in neighboring cells are also transmitting on the
DL and interfere at BS; of the home cell. Note that a half duplex system does not have this interference as
the home cell and neighboring cells are all on the UL at the same time.

e ‘Other cell UEs’: As in the DL SINR computation, we ignore the interference from UL UEs in other cells
while computing per-cell schedulers.

UL SINR summary: the SINR for the uplink node u; depends on the uplink nodes in other sectors of the home cell
u, and u; active at the same time. Thus, given the triplet of uplink nodes i = (us, U,, U3) in the home cell, we can
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compute the SINR on the UL for u;, denoted by SINRy_4(&d). Similarly, the UL SINRs for u, and u; are SINR_ (&)
and SINRy, 3(1) respectively.

23.21.6 Stage 1: Rate Computations — Full Duplex

For the triplet of uplink nodes @@ = (uy, Uy, Us),
e The SINRs at the DL nodes d, d,, dzare SINRp, (d4,@), SINRp.(d»,d) and SINRp, (ds,d) respectively
e The SINRs on the UL for uy, u,, us are SINRy_1(1i),SINRy_ (1) and SINRy_ (1) respectively

We map these SINRs to rates using Shannon capacity. On the DL, we model a 2x2 MIMO system with equal
transmit powers for the two spatial streams and assume that we get the full spatial multiplexing gain of 2. Thus, the
DL rates for d4, d,, ds, when paired with the UL triplet i, are given by

1

Rpy 1 (dy, @) = 2log, (1 n éSINR.DL((a.ﬁ))
1

Rppa(ds, @) = 2log, (1 + ESINR.DL(@,:?))
1

RDL_:;((]_;.TI) = 210g2 (1 + §SINR‘DL ((]jg"!f))

On the UL, we model a SISO system and get the following rates

Rppa(i) =logy (1 + SINRy 1 (@)
Ry (1) =log, (14 SINRy (1))
R(,-'L__;;(?_L') = 10g2 (J. =+ SINR‘[,’L.!;J,(TI))

(Analogous rate computations for the half duplex system are in the Appendix)

2.3.21.7 Stage 2: Per-cell scheduling

Our next task is to quantify how often the uplink triplet i = (u4, u,, us) must be paired with the downlink nodes (d;,
d,, d3). We do this using a linear program that follows naturally from the minimum rate and fairness requirements
imposed by our traffic model.

23.21.71 Stage 2: Traffic Model

UEs can be broadly classified into two categories: DL heavy and UL heavy. A human downloading a high quality
video requires a larger rate on the DL than the UL and is a DL heavy user. On the other hand, a sensor uploading
data to the cloud needs a larger rate on the UL and is UL heavy. As technologies evolve, the ratio of DL heavy to
UL heavy users will change, so we leave this as a tunable parameter. For each UE that we deploy, we randomly
classify it as either DL heavy or UL heavy with probability p% and (100-p)% respectively.

We assume full buffer traffic at all the UEs. Further, each UE needs a minimum rate on the DL and UL to meet
application demands. For example, DL video streaming needs rates > 1 Mbps while web browsing needs around
400 kbps. A DL heavy UE requires a larger guaranteed rate on the DL than it does on the UL. In our simulations,
we assume that all DL heavy UEs need at least 1.2 Mbps on the DL and 0.4 Mbps on the UL. The numbers are
reversed with UL heavy UEs: they need at least 0.4 Mbps on the DL and 1.2 Mbps on the UL.

Additionally, to ensure that the medium allocation is fair and no UE is given an undue share, we set upper bounds
on the rate that any UE can get. In our simulations, the maximum DL and UL rates any UE can get are 12 Mbps
and 6 Mbps respectively. (The upper limits are independent of the node category). The rate limits are summarized
in the table below.
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DL Heavy UL Heavy

DL Min 1.2 Mbps 0.4 Mbps
UL Min 0.4 Mbps 1.2 Mbps
DL Max 12 Mbps 12 Mbps
UL Max 6 Mbps 6 Mbps

In our simulations, we don’'t deploy UEs in zones with DL SINR < 0 dB. There are two reasons for this choice:

¢ Inlow SINR regions, the minimum rate requirements we set above might be infeasible. We can solve this
by making the nodes with poor SINR lessen their demands and settle for a lower minimum rate. However,
the rate limits will then depend on a node’s location and are hard to grasp intuitively (unlike the absolute
limits above, motivated by real-life applications).

e At some locations close to the edge of a hexagonal cell, a UE could be inside the hexagon but have a DL
SINR of -8 dB. The reason is that a neighbouring cell's transmission is received with greater power
because of a better antenna orientation. In real deployments, the UE would simply be handed over to the
neighbouring cell. Thus, the cell boundaries are not hexagons truly, but are defined by a DL SINR
threshold (say, the points where DL SINR > 0 dB). However, modelling such irregular cell shapes is
cumbersome and will only have a small effect on the system gains we want to quantify.

23.21.7.2 Stage 2: Linear Program Formulation — Full Duplex

Suppose that, at some point of time, the triplet i = (u4, u,, U3) is active on the uplink and that d is active on the
downlink (Figure 2.3.2.1-9). The instantaneous DL rate that d, gets is Rp_4(d;, @). If the fraction of time for which d,
is paired with the uplink triplet @ is F4(d4, @) [0 < Fy(d4, @) < 1], the rate that d, gets when it is paired with i is
[RoL1(dy, @) x F4(d4, @)]. The total rate that d; gets on the DL is the summation of such terms over all triplets @:
2 Rora{dn, @)F1(dy, @) By setting upper and lower bounds on this quantity, which is linear in F,(d, i), we can
enforce the traffic model's minimum rate and fairness constraints. Similar arguments apply to the UL rate that u;
gets. We now state the linear program formally.

Figure 2.3.2.1-13: Home cell with uplink triplet i = (u;, u,, us) and downlink triplet (d,, d,, ds) active

Let F4(d;, @), Fa(d, @) and F5(d;, @) denote the fractions of time for which nodes d;, d,, d; on the DL are paired
with the uplink triplet @. Then, we get the following constraints:

Fractions are nonnegative and add up to 1:

Fy(dy, i), Fo(dy, @), Fa(ds, @) =0 Vdy,do, ds,id

> Fi(dy, i) =Y Fa(dsyii) = Y Fa(ds, @) =1

ds ., i

(dy, d,, d3) have min rates requirements on DL & (u;, U,, U;) have min rates requirements on UL
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EJ-"DL 1(dy, @) Fi(di, @) = Rpromin(di) > Zf"l‘ )Ry a() 2 Rurmin(u)
i l)=uy o

EHDL_:{U'_:-.TT)f“'z(ff_‘.-ﬁ} = Bprmin(ds) Z Zf”r #)Rur2(i) = Rupmin(u2)
— wt(2)=uz dz

Z HDL.:‘}(”IK_-'ﬁ}f".'i{”[:i-.ﬁ) > HDL_mm(tf:;} Z Zf (ds, ) Rur3(tl) = Rupmin(u3)

Ui 3)=
it

Fairness: upper limits on (d;, d», d3) DL rates & (u;, U, us) UL rates

EJ.’:D;_ Wy, @) Fy(dy, @) < Rpr maz(di) Z ZFJ (di, )R (i) < Rupmaz (1)

wa(l)=u, o

Z h)DL 2 "I’ “ {':‘II_ TT) < Rpr mazx (’-’"[!) Z Z f"—’{”‘—" T_‘M*’L'Li “-” = "{},{:L-'-’lff-i'{"'l—'}

id(2)=uy dz

EJ-"DL.:; dy, W) F3(ds, i) < Rprmax(ds) Z Zf s(dy, U) R a(i) < Rup mae(u3)

W 3)=uz

Fraction of time triplet i goes on the UL is independent of sectors:

Z Fi(dy, @) = Z Fy(dy, i) = Z F(ds, @)

Objective: maximize sum rate

(Similar linear program formulation for the half duplex system is in the Appendix).

2.3.21.8 Stage 3: Monte Carlo Simulations

In the previous section, we designed schedules on a per-cell basis, oblivious of UE interference from other cells.
We now simulate link activity as per the schedules designed in Stage 2 and include inter-cell UE interference in
SINR computations to understand its impact on system performance.

We run the Monte Carlo simulations as follows:

e Forthe home cell and each of the 6 cells in layer 1 (7 in total)
o Run linear program to find per-cell schedule
o Schedulein cell k = F,%(d,, i), F,%(d,, @) and F3¥(ds, T), k=1,2, ..., 7
e Ineach of 10000 slots
o Forthe k"cell, 1 <k<7
= Sample an uplink triplet @* and downlink nodes d,“, d,", d,% according to the
probabilities F,“(d;, i), F,*(d,, i) and F,®(ds, i)
o At the home cell, compute SINR on the DL and UL in each sector including interference from
other cell UEs. For example, in the red sector, we have
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vr(ur’) KN, + P, ps, + Puii_ g, +Other cell BSs ¢ Other cell UES
S 2 3
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evaluate
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impact

o Compute rates for the home cell using the SINR-to-rate mapping described in 2.1.1.1.6.

We run similar Monte Carlo simulations for the half duplex system based on the schedule and SINR computations
in the appendix.

2.3.2.1.9 Simulation Results

We plot sum rates in the home cell (sum across all sectors) on the DL and the UL for half and full duplex systems in
Figure 2.3.2.1-10. The self-interference cancellation level K = 3 dB and 60% of the UEs are DL heavy. The curves

labelled ‘Theory' are the rates predicted by the linear program while those labelled ‘Sim’ are the rates from the
Monte Carlo simulations. We make the following observations:

o  Full duplex rates are higher than half duplex rates on both the DL (— vs —) and the UL (— vs —).

e On the DL, the rates predicted by the linear program match those from the Monte Carlo simulations
extremely well for both full duplex (A vs o) and half duplex (A vs o).

e On the UL, the rates from the Monte Carlo simulations are slightly lower than the linear program
predictions for both full duplex (A vs 0) and half duplex (A vs o).

o Thus, inter-cell UE interference only has a small impact on the performance (seen primarily on the UL) and
validates our scheduler design.

UL/DL rates with half/ifull duplex, Self Interf = No + 3 dB, #Users/Cell = 30
25

DL heavy: Min DL Rate 1.2 Mbps, Min UL Rate 0.4 Mbps =©--HD, DL, Theory
—&—HD, DL, Sim
UL heavy: Min DL Rate 0.4 Mbps, Min UL Rate 1.2 Mbps HD, UL, Theory
HD, UL, Sim
-©&--FD, DL, Theory
20 —A~FD, DL, Sim
) ©-FD, UL, Theory
—A-FD, UL, Sim

Spectral efficiency (b/s/Hz)

0 I I I I L I I )
0 10 20 30 40 50 60 70 80 90 100
Random deployment #

Figure 2.3.2.1-14: DL/UL rates for half/full duplex systems with self-interference cancellation level K =3 dB
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We plot the full duplex gain as the self-interference cancellation level K varies from 0 dB (perfect cancellation) to 10
dB (9X noise level) in Figure 2.3.2.1-11. As expected, the full duplex gains increase as the self-interference
cancellation improves. At K = 10 dB, the average full duplex gain is 1.49X; with perfect self-interference
cancellation, the full duplex gain increases to 1.6X.

Full Duplex Gain, #Users/Cell = 30

—— Self Interf = Noise + 0 dB.
—— Self Interf = Noise + 3 dB
0.9 -|— Self Interf = Noise + 6 dB
—— Self Interf = Noise + 10 dB

o7 K (dB) = Self- Mean FD
0s|- Interf/Noise Gain

5 osl 0dB 1.61

- 3dB 1.6
| 6 dB 1.57
02 10 dB 1.49
01l DL heavy = 60%

0 I |
12 13 14 16 17 18

15
FD Sum Rate/HD Sum Rate

Figure 2.3.2.1-15: Full duplex gain vs. self-interference cancellation level K.

We plot the full duplex gain as the percentage of DL heavy UEs varies from 50% to 60% to 70% in Figure 2.3.2.1-
12. The average gain is around 1.6X for all three cases (1.58, 1.6X, 1.61X), but it is clear that the gain increases
with the percentage of DL heavy UEs.

P Full Duplex Gain, #Users/Cell = 30

0.9

0.8

0.7

0.6

CDF

0.5

04+

03

0.2

0.1

0 1 1 1 1 ]
1.2 13 14 15 1.6 17 1.8
FD Sum Rate/HD Sum Rate

Figure 2.3.2.1-16: Full duplex gain as the percentage of DL heavy nodes varies from 50% to 70%. The
average gain is ~1.6X in all cases.

To understand why, we plot the sum rates for half duplex (dotted) and full duplex (solid) in Figure 2.3.2.1-13. As
the percentage of DL heavy nodes increases, the DL traffic is higher. In a half duplex system, to support the higher
DL traffic, we must reduce the time allotted to UL traffic and, thus, the UL rate. Therefore, the sum rate only
increases slightly (— vs —) and then saturates (— vs —). However, for the full duplex system, the DL rate doesn’t
increase at the expense of UL rate; the sum rate increases as the DL traffic increases. Hence, the gains with full
duplex are higher as the percentage of DL heavy nodes increases.
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Sum Rate CDFs: Full and Half Duplex, #Users/Cell = 30
o

0.9

0.8
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06 —Full, DL Heavy = 50%
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Half, DL Heavy = 60%
—Full, DL Heavy = 70%

----Half, DL Heavy = 70%
0.4

0.3
0.2
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[ —= —
10 15 20 25 30 35
Sum Rate (b/s/Hz)

Figure 2.3.2.1-17: Sum rates for half and full duplex systems as the percentage of DL heavy nodes
vary.

2.3.2.1.10 Conclusion

We find that full duplex BSs provide throughput gains of 1.5-1.6X over a wide range of self-interference levels
(noise + 0-10 dB) and varying amounts of DL/UL traffic. The gain estimates are based on
e Detailed network and interference modelling: including realistic antenna patterns, two layers of BS
interference and one layer of UE interference.
e A linear program based scheduler that maximizes the network throughput, while guaranteeing minimum
rates at UEs and ensuring fairness.

The rapid advances in self-interference cancellation technology and the large throughput gains that full duplex BSs
provide — gains validated with detailed modelling, over a wide range of parameters — make a compelling case for
full duplex BSs in 5G networks.

2.3.2.1.11 References
[1] ‘Achieving Single Channel, Full Duplex Wireless Communication’, Jung Il Choi, Mayank Jain, Kannan
Srinivasan, Philip Levis, Sachin Katti, Mobicom 2010

[2] ‘Performance Analysis of User Pairing Algorithm in Full-Duplex Cellular Networks’, W. Noh, W. Shin, H. Choi,
Hindawi Mobile Information Systems 2017

[3] ‘Further advancements for E-UTRA physical layer aspects’, 3GPP TR 36.814 V9.0.0

2.3.2.1.12 Appendix: SINR, Rate Computations, LP Formulation for Half Duplex

In this appendix, we provide details of the SINR/rate computations and the linear program based scheduler for half
duplex networks.

2.3.2.1.12.1 SINR Computations
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BS
Figure 2.3.2.1-18: Half duplex networks, downlink (left) and uplink (right)

The SINR at DL node d; is given by

. Prg, sy
SINR i) = —
prid) Ng + Other cell BSs+ Other sector BSs
IR~ %2 — fd RNe 7 RN

e Pgsi_yq1is the power of the desired signal from BS;and N, is the thermal noise

e  ‘Other cell BSs’: The base stations in neighboring cells are also transmitting on the DL and interfere at d;.
With 2 layers of base station interference (18 cells) and 3 BSs/cell, this term is a sum of 54 interferers.

e ‘Co-located sector BSs’: The DL transmissions of the blue BS and green BS in the home cell interfere at d,

e Note that when the home cell is on the DL, unlike full duplex, there is no UL UE interference: either from
the home cell or from neighbouring cells (at any time, all cells are either on the DL or the UL)

DL SINR Summary: Given the triplet of downlink nodes d= (d4, dy, d3) in the home cell, we can compute the

SINRs on the DL. We denote the SINRs by SINRp_ 1(d), SINRp,_»(d) and SINRp, s(d ) respectively.

Now consider the UL transmission from u,. The SINR at BS; is given by

Foy—ns,
Ny + P“U—UJSL —+ PN:EAB&H + Other cell Ulis
—_——  —

O b wnetoe TR S0t el BxrI—L5U1Es

SINR(?L ("-1-1) =

e P,ss1is the receive power of the desired signal from u;and N, is the thermal noise
e  ‘Other sector UE interf: UL UEs in the blue and green sectors of the home cell interfere with powers

Pu2—)BS1, Pu3—)BS1-

e  ‘Other cell UES’: As in the full duplex case, we ignore the interference from UL UEs in other cells while
computing per-cell schedulers, but include it in Monte Carlo simulations.

¢ Note that, unlike the full duplex case, neighboring cell BSs do not interfere with u;’s UL transmission, since
these cells are also all on the UL.

UL SINR Summary: Given the triplet of uplink nodes @ = (u4, U,, us) in the home cell, we can compute the SINR on
the UL for all three UEs. We denote the SINRs by SINRy, ¢(i1), SINRy_»(T) and SINRy_3(T') respectively.

2.3.21.12.2 Rate Computations

As in the full duplex case, we assume a 2x2 MIMO system on the DL and a SISO system on the UL. Thus, the
rates on the DL are

NGMN TTI TTBB Report, Page 66 (123)
Version 1.0, 29 —06-2017



-

Rpra(d) = 2log,

-

Rpra(d) = 2log,

-

Rprald) =2 log,

and the rates on the UL are

2.3.21.12.3 Linear program based scheduler

s
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L\.«\—‘L

logz (14 SINRysp 1 (10))
(l + SINRrr, 2(5):
(l + SINRyrp, g(lﬁ):

Let fDL(J ) and fy (i) denote the fractions of time for which the tripleta = (d4, d,, d3) is scheduled on the DL are
paired and the triplet @ = (u;, Uy, U;) is scheduled on the UL. Then, we get the following constraints:

Fractions are nonnegative and add up to 1:

focld), for(@ = C

Zm

+fo L (i)

(dy, d,, d3) have min rates requirements on DL & (u;, U,, U;) have min rates requirements on UL

Z ff)L("TJRFH.,\ (ff] = Ropninddy

A 1=,

Z J'Vm.(f-?]ﬁm.,'_!(ff] = Bt dds

Al 2i=in

Z J'f)f("i)RF)F Hm st in{ds,

A=,

Z fon @Ry L {d) 2 Ry g gnin o)

FE
Z fon iRy o) = R aan(us)

e

Z S R 38 = R (o)

A=

Fairness: upper limits on (d;, d», d3) DL rates & (u;, U, us) UL rates

Z FrndiRnna(d) < Rt anan (1)
didil=d,
Z FrrldiRonald) < Rt anan (d2)

i 2i=da

z fi')!.((f)nrlf,,:i((ﬁl < Rr)r_mn.v(da]

i 1=y

Objective: maximize sum rate
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2.3.2.2 Flexible Duplex

2.3.2.21 Description and Motivation

| Flexible Duplex in Paired Spectrum |

Traditional FDD Flexible Duplex in Paired Spectrum
freq
frea Underutilized UL Switching to DL
uL uL
o : ) nm
R ) )
S s I A PL e

. . ) time o I ime
Symmetric Traffic Heavy DL Traffic Symmetric Traffic Heavy DL Traffic time
Situation Situation Situation Situation

| Flexible Duplex in Un-paired Spectrum |

T . . .
freq "9 XElexible Duplex in Unpaired Spectrum

= Traditional TDD (dynamic TDD)
uL

S MW, =

time

time

Figure 2.3.2.2-1: Motivation of Flexible Duplex.

Flexible resource utilization to provide the ability to adapt downlink and uplink resources dynamically is important
for new RAT. This requirement is important in both below and above 6GHz frequency cases, and particularly
important for eMBB use cases. In TDD, dynamic adaption of ratio between downlink and uplink could support
flexible resource utilization. In FDD, similar mechanism is also necessary to adapt the ratio between downlink and
uplink. Particularly, utilizing uplink spectrum to downlink transmission and downlink spectrum to uplink transmission
should be considered in new RAT designs. At least in cases where the network has much higher transmission
power compared to UEs and higher antenna heights and fixed deployments, it seems more natural to focus on the
case of dynamic utilization of uplink spectrum for downlink transmission. Flexible resource utilization would benefit
even further if the adaptation can be done in a UE-specific manner depending on UE’s traffic pattern or resource
requirements in downlink and uplink. With recent developments in self-interference cancellation, it is our view that
(semi-)full duplex capable eNBs would be feasible in a very near future. If the network can support full duplex
capability, in TDD or FDD uplink spectrum, further flexible resource utilization by dynamic TDD operation which
allows dynamic DL/UL configuration switching including UE-specific adaptation can be considered. Eventually, the
full duplex capability can be also applicable to high-end UEs such as vehicles, which will allow simultaneous
reception and transmission in the same frequency.

To enable flexible duplex, dynamic TDD and full duplex, the followings are key aspects to consider: (1) self-
interference cancellation, (2) coexistence mechanisms including inter-cell interference handling, (3) UE-to-UE
interference mitigation and measurement, and (4) feedback mechanisms and power control.

2.3.2.2.2 Benefits of the proposal

Flexible duplex operation in both paired and unpaired spectrum offers flexible and dynamic resource adaptation of
DL/UL resources. It would allow efficient multiplexing of different usage scenarios such as multiplexing between
URLLC and eMBB as shown in below. Furthermore, this can offer efficient resource utilization with dynamic traffic
pattern and various DL/UL traffic ratio.

NGMN TTI TTBB Report, Page 68 (123)
Version 1.0, 29 —-06-2017



Paired UL Spectrum

Subframe

D URLLC DL D oAp
. eMBB DL . eMBB UL

ngmn

Unpaired Spectrum

Subframe

the engine of broadband
wireless innovation

TDM

FDM

Figure 2.3.2.2-2: lllustration of URLLC support via TDM/FDM.

2.3.2.2.3 Test Procedure

To evaluate the performance, primarily, system level simulation would be used. For the evaluation metric, user
throughput and geometry statistics in both downlink and uplink would be demonstrated. For evaluation scenario,
we will consider dense urban, urban macro and indoor hotspot scenarios as follows.

Table 2.3.2.2-1: System parameters for the considered scenarios.

Parameters Dense urban Urban macro Indoor hotspot
Layout Two layer: Single layer: Single layer:
- Macro layer: Hex. Grid - Macro layer: Hex. - Indoor floor (12
- Micro layer: Random drop Grid BSs per 120m X
(All micro BSs are outdoor) 50m)
- 3 micro BSs per
macro BS

Inter-BS Macro-to-macro: 200m 500m 20m
distance Macro-to-micro: 105m [TR36.897]

Micro-to-micro: 57.9m
Minimum BS- Macro-to-UE: 35m [TR36.897] 35m [TR36.897] 0m [TR38.900]
UE (2D) Micro-to-UE: 10m [TR36.897]
distance
Minimum UE- 3m [TR36.843]
UE (2D)
distance
Carrier Macro layer: 4 GHz, 30 GHz 2GHz [TR38.913],4 GHz, 30 | 4 GHz, 30 GHz
frequency [TR38.913] GHz

Micro layer: 4 GHz, 30 GHz

For 30GHz: Un-paired spectrum is preferred.

For 2GHz: paired spectrum is preferred.

For 4GHz: both paired and un-paired spectrum can be considered.
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Aggregated 4GHz: Up to 200MHz (DL+UL) 2GHz: Up to 40 MHz (DL+UL) | 4GHz: Up to 200MHz
system 30GHz: Up to1GHz (DL+UL) 4GHz: Up to 200 MHz (DL+UL)
bandwidth (DL+UL) 30GHz: Up to 1GHz (DL+UL)
30GHz: Up to 1GHz (DL+UL)
Simulation 20MHz per CC below 6GHz and 80 MHz per CC above 6GHz
bandwidth Note: For FDD, simulation BW is split equally between UL and DL
Note: UE TX power scaling will impact final results
Parameters Dense urban Urban macro Indoor hotspot
Channel Below 6GHz: Below 6GHz:
model - Macro-to-UE: 3D UMa - TRP-to-UE: ITU
- Micro-to-UE: 3D UMi InH
- Macro-to-Macro: 3D UMa (h_UE=25m) -  TRP-to-TRP: ITU
- Macro-to-Micro: 3D UMa (h_UE=10m), FFS additional offset InH (h_UE=3m)
X1dB - UE-to-UE: A21.2
- Micro-to-Micro: 3D UMi (h_UE=10m), FFS additional offset in TR36.843
X2 dB Above 6GHz:
- UE-to-UE: A.2.1.2 in TR36.843, FFS on penetration loss - TRP-to-UE: 5GCM
between UEs Indoor-office
Above 6GHz: - TRP-to-TRP:
- Macro-to-UE: 5GCM UMa 5GCM Indoor-office
- Micro-to-UE: 5GCM UMi (h_UE=3m)
- Macro-to-Macro: 5GCM UMa (h_UE=25m) - UE-to-UE: 5GCM
- Macro-to-Micro: 5GCM UMa (h_UE=10m) Indoor-office
- Micro-to-Micro: 5GCM UMi (h_UE=10m) (h_BS=1.5m)
-  UE-to-UE: 5GCM UMi (h_BS=1.5m ~ 22.5m), FFS on
penetration loss between Ues
Large-scale FFS
channel
parameters
Fast fading | FFS
parameters
BS Tx power Below 6GHz: 44 dBm PA | Below 6GHz: 49 dBm PA | Below 6GHz: 24 dBm PA scaled
scaled with simulation BW | scaled with simulaton BW | with simulation BW when system
when system BW is higher than | when system BW is higher | BW is higher than simulation BW.
simulation BW. Otherwise, 44 | than simulation BW. Otherwise, | Otherwise, 24 dBm
dBm 49 dBm Above 6GHz: 23 dBm [scaled
Above 6GHz: 33 dBm PA | Above 6GHz: 43 dBm [scaled | with simulation BW when system
scaled down with simulation | with simulaton BW when | BW is higher than simulation BW.
BW when system BW is higher | system BW s higher than | Otherwise, 23 dBm]
than simulation BW. Otherwise, | simulation BW. Otherwise, 43
33 dBm dBm]
Parameters Dense urban Urban macro Indoor hotspot
UE Tx power 23 dBm
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BS antenna | Below 6GHz: Below 6GHz: FFS
configuration - Baseline: - Baseline:
(M,N,P,My,N,)=(8,8,2, (M,N,P,My,N,)=(8,8,2,
1,1) (dn,dv)=(0.5,0.8)A 1,1) (dn,dv)=(0.5,0.8)A
Above 6GHz: Above 6GHz:
- Baseline: - Baseline:
(M,N,P,Mg,N4)=(4,8,2, (M,N,P,Mg,N4)=(4,8,2,
2,2) 2,2)
(dn,dv,dH,g,dv,g)=(0.5,0 (dn,dv,dH,g,dv,g)=(0.5,0
.5,4.0,2.0)A .5,4.0,2.0)A
BS antenna | Macro: 25m 25m 3m
height Micro: 10m
BS anteena | 8 dBi 8 dBi 5dBi
element gain +
connector loss

BS receiver | Below 6GHz: 5dB
noise figure Above 6GHz: 7 dB

UE antenna | Follow the Table A.2.1-3 of TR38.802

configuration
UE antenna | hyr=3(ns-1)+1.5 1.5m
height ng for outdoor UEs: 1

ng for indoor UEs: ng~uniform(1,Ns) where Nq~uniform(4,8)

UE antenna | Follow the modeling of TR36.873
gain

Parameters Dense urban Urban macro Indoor hotspot

UE receiver | Below 6GHz: 10 dB
noise figure Above 6GHz: 13 dB

Traffic model Baseline:
- FTP traffic model 3 with packet size 0.1, 0.5 and 2 Mbytes
- Ratio of DL/UL traffic = {2:1}, {4:1} [TR36.828], {1:1} optional

UE distribution | For FTP traffic model 3: 2/3 users | For FTP ftraffic model 3: 10 | For FTP ftraffic model 3: 10
randomly and uniformly dropped | users per macro TRP users per TRP

within the clusters, 1/3 users | 80% indoor (3km/h) and 20% | 100% indoor (3km/h)
randomly and uniformly dropped | outdoor (30km/h)
throughout the macro
geographical area, and 60 users
per macro geographical area

80% indoor (3km/h) and 20%
outdoor (30km/h)

UE receiver MMSE-IRC as the baseline receiver
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BS receiver MMSE-IRC as the baseline receiver
Feedback Realistic

assumption

Channel Realistic

estimation
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2.3.2.24 Results

We include some preliminary results which shows geometry in both cases where semi-static DL/UL configuration is
used and flexible duplex operation is used. Figure 2.3.2.2-3 shows geometry difference between two cases (1)
downlink transmission occurs at full power (e.g., 33 dBm) (2) downlink transmission occurs at reduced power (e.g.,
23 dBm) in both operation modes. It is noted that power reduction if applied to all downlink transmission in this
evaluation. As shown in the figure, we can notice very little geometry difference in downlink whereas uplink
geometry is considerably improved by reduced power.
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Figure 2.3.2.2-3: Geometry Results with Flexible Duplex Operation.
(Upper: Full power case, Below: Reduced power case)

Furthermore, we present more evaluation results in dense urban scenario to investigate the benefit of flexible
duplex. As a baseline, the ratios of DL/UL subframe for “static resource utilization” are set to {6:4} for the ratio of
DL/UL traffic of {2:1}. In our evaluation, DL power reduction for flexible subframe is adopted for suppressing cross-
link interference from aggressor (i.e., cell which intends to change its transmission direction at a certain subframe
from its reference transmission direction) to victim cell. Furthermore, UL power boosting is also adopted for
guaranteeing UL performance against the cross-link interference from aggressor TRPs. Note that this UL power
boosting is activated only at flexible subframe in which TRP can change its transmission direction from UL to DL
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according to traffic load when the subframe is indicated as UL by reference UL/DL configuration exchanged among
TRPs.

From Table 2.3.2.2-2, it is observed that the flexible duplex with adaptive resource utilization according to DL/UL
traffic load can provide significant DL UPT gain compared with static resource utilization while UL UPT
performance is drastically degraded due to unaligned transmission direction among TRPs. With aid of DL power
reduction to mitigate interference between TRPs, the UL UPT with flexible resource utilization shows notable
performance gain over static resource utilization. Even with such DL power reduction, marginal gain can be still
shown for the DL UPT as well. With DL power reduction and UL power boosting, both DL and UL UPT of flexible
resource utilization can be notably improved compared with static resource utilization.

Table 2.3.2.2-2: UE DL/UL packet throughput

Dense urban scenario
i DL UPT (Mbps) UL UPT (Mbps)
Ratio
of
pLuL| Feature Served/ Served/
traffic 5%-tile [50%-tile|95%-tile|Average| offered | RU (%) | 5%-tile |50%-tile|95%-tile[Average| offered | RU (%)
packets packets
Static
(DL:UL)= 65.02 | 136.53|178.09 [ 127.99| 0.97 149 | 33.03 | 65.02 | 95.26 | 65.39 | 0.93 9.37
{6:4})
Flexible
duplex 77.28 | 170.67 | 240.94 | 163.16 17.21 | 39.77 | 89.04 | 44.19
w/o CLI 0.97 15.0 0.88 | 15.53
2:1 |mitigation [(18-87%)|(25.00%)|(35.29%)|(27.47%) -47.90%)(-38.83%)| (-6.52%) [-32.42%
scheme
Flexible
duplexw/| 6827 | 141.24 | 215.58 | 139.98 34.71 | 73.14 | 117.03 | 73.65
CLI 097 | 17.62 0.94 | 10.02
mitigation (5.00%) | (3.45%) |(21.05%)| (9.36%) (5.08%) |(12.50%)|(22.86%)|(12.64%)
scheme
Note (interference mitigation/cancellation schemes, evaluation assumption, etc):

DL power control: TRP with having “DL” direction reduces DL power in (flexible) subframe where the
transmission direction of reference configuration is UL, which is based on target loT level in the UL reception of the
closest TRP.

* UL power control: UL power boosting of 3 dB is assumed only at the flexible subframe where TRP changes its
transmission direction from UL indicated by reference UL/DL configuration to DL
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3 LAYER2 AND RRC

3.1 MAC Layer

3.1.1  Layer 2 protocol design

3.1.1.1 Layer 2 Protocol Design Proposals
3.1.1.1.1 Distributed MAC header

3.1.1.1.1.1 Description
RLC Entity 1 RLC Entity 2

-1

[
l

MAC PDU 1 MAC PDU 2

Figure 3.1.1.1-1: Distributed MAC header.

In NR, it is proposed that MAC header is placed before its corresponding MAC control element, MAC SDU, or
padding. From one MAC PDU point of view, MAC header is placed distributed. As in LTE, each MAC header
identifies the logical channel or the MAC control element while the detailed filed or length can be discussed
independently.

3.1.1.1.1.2 Motivation

In LTE, a MAC PDU header consists of one or more MAC PDU subheaders, where each MAC subheader
corresponds to a MAC SDU, a MAC control element or padding.

MAC PDU subheaders have the same order as the corresponding MAC SDUs, and are always placed before any
MAC control elements or any MAC SDU. l.e., MAC PDU header is placed in the beginning of the MAC PDU. In this
section, it is called as aggregated MAC header.

As a MAC PDU subheader is placed in the MAC header region of a MAC PDU, and a MAC SDU, a MAC CE, or
padding are placed in the MAC payload region of the MAC PDU, the MAC PDU is constructed in distributed
manner. Thus, the MAC PDU has no puncture only when the last MAC PDU subheader is generated.

Since PHY layer cannot process a punctured MAC PDU, the MAC PDU can only be delivered to PHY layer when
the whole MAC PDU is completely constructed without any puncture. Consequently, PHY layer processing such as
modulation and coding can start after the complete MAC PDU is delivered to PHY layer. Therefore, aggregated
MAC header doesn’t allow pre-processing of a MAC PDU in PHY layer.

There has been no clear motivation of having an aggregated MAC header. It was just a design choice of a MAC
PDU format and has been followed for several releases in LTE. However, the aggregated MAC header is a main
factor that precludes early processing of a MAC PDU.
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3.1.1.1.1.3 Benefit of the Proposal

In order to allow pre-processing of a MAC PDU in PHY layer, the MAC PDU needs to be constructed consecutively,
i.e., without any puncture. The distributed MAC header enables consecutive construction of the MAC PDU. In other
words, the MAC header and corresponding MAC payload part are always placed together without any puncture
between them although the rest part of the MAC PDU are not generated yet. As the MAC header and its
corresponding MAC payload part is consecutive and has no puncture, the partially generated part of the MAC PDU
can be delivered to the PHY layer even though the whole MAC PDU is not completely constructed yet. And PHY
layer can start processing of the partially delivered MAC PDU such as modulation and coding. Accordingly, the UE
can prepare the transmission of a Transport Block (TB) early.

3.1.1.1.1.4 Conclusion

In NR, one of the important design principle is to reduce the delay in transmitting uplink data. For this, multiple
numerologies are to be introduced, which offers short transmission time interval (TTI). In addition to short TTI, it is
also important to process the data fast so that the UE can be ready to transmit the data earlier. The distributed
MAC header allows pre-processing of the data by allowing partial delivery of the MAC PDU to PHY layer so that
the data is ready to be transmitted quickly. Therefore, distributed MAC header can be considered as a key factor
that enables to satisfy the NR requirement.

3.1.1.1.2 Single L2 Sequence Number

3.1.1.1.21 Description

PDCP PDU L2SN=0 IPO L2SN=1 IP1 L2SN=2 IP2 L2SN=3 | IP3

RLC PDU SDU 0 SDU 1 SDU 2 SDU 3

Figure 3.1.1.1-2: Single L2 SN attachment.

In RAN2#95bis meeting, it was agreed that Segment Offset(SO)-based segmentation can be considered for both
segmentation and re-segmentation. This implies that each RLC SDU is associated with an RLC SN. For non-split
bearer, given that there is one-to-one mapping between PDCP SN and RLC SN, inclusion of PDCP SN in PDCP
header and RLC SN in RLC header is redundant and causes header overhead considering the typical size of SN.

Therefore, in NR, for non-split bearer, it is proposed that RLC doesn’t attach RLC Sequence Number (SN) but
reuses PDCP SN for ARQ operation.

3.1.1.1.2.2 Motivation

Double SN inclusion in PDCP and RLC increases header overhead. For example:

For 10 bytes of IP packet of TCP ACK (uncompressed), if 3 bytes of header is attached in PDCP due to 18 bits
PDCP SN, 3 bytes of header is attached in RLC due to 16 bits RLC SN, and 3 bytes of MAC header is attached,
total header overhead is 9 bytes, which is about 47%.

3.1.1.1.2.3 Benefit of the Proposal

Single SN inclusion in PDPC will decrease header overhead: For example:

For 10 bytes of IP packet of TCP ACK (uncompressed), if 3 bytes of header is attached in PDCP due to 18 bits
PDCP SN, 1 byte of header is attached in RLC, and 3 bytes of MAC header is attached, total header overhead is 7
bytes, which is about 41 %. The difference between double SN and single SN could be 6%. Even without RLC SN,
the RLC can use PDCP SN to perform ARQ, packet identification, reordering, etc.
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3.1.1.1.24 Conclusion

In NR, we're aiming at removing redundant functionalities for efficient data transmission. By using single SN,
efficient resource usage is possible by decreasing the signalling overhead of data transmission. Therefore, single
SN attached in PDCP can be considered as a possible solution to be used for non-split bearer.

3.1.1.1.3 PDCP ARQ

3.1.1.1.3.1 Description

o0

Lossy Interface -

DU 1 DU 2 DU K

RLC RLC [N

Figure 3.1.1.1-3: CU/DU architecture in case of PDPC/RLC split.

In NR, ARQ in PDCP is required if the lower layers of the PDCP does not ensure error-free transmission, for
example, lower layers operate based on WLAN or RLC UM. In this case, PDCP ARQ can be a good way to
guarantee more reliable transmission. As PDCP SN is used in PDCP, PDCP ARQ can use PDCP SN.

Therefore, it is proposed that PDCP performs PDCP ARQ based on PDCP SN.

3.1.1.1.3.2 Motivation

In LTE, the ARQ function is performed in AM RLC.

The ARQ function is composed of status reporting from receiver and retransmission at transmitter. By using the
ARQ function, the AM RLC can support error-free transmission. As the packet loss is prevented by the AM RLC,
there is no reason for the PDCP to perform ARQ.

One may think that PDCP status reporting and PDCP retransmission already implemented in PDCP are a kind of
ARQ. However, they are actually not an ARQ but a special mechanism to support selective retransmission at
handover. At handover, the source eNB forwards not acknowledged PDCP SDUs to the target eNB, and the target
eNB transmits those not acknowledged PDCP SDUs to the UE. If the UE indicates by the PDCP status report that
some PDCP SDUs are already correctly received, the target eNB is allowed not to transmit them.

Note that the selective retransmission mechanism does not support error-free transmission. In the receiver side, if
PDCP SN=X is received, the receiver delivers all PDCP PDUs with SN<X to the upper layer even if some PDCP
PDUs are missing. In other words, the whole PDCP status reporting and PDCP retransmission are special
mechanisms applied to handover to reduce redundant retransmission, and they are different from so-called ARQ
which ensures error-free transmission.

In Rel-12 where the Dual Connectivity was introduced, a PDCP entity became able to be mapped to two AM RLC
entities in Split Bearer. Due to multiple transmission paths, reordering function was introduced in PDCP similar to
RLC. However, the ARQ function was still not introduced in PDCP because the Split Bearers are decided to be
operating only on AM RLC entities.

The situation is changed in Rel-13 when the LTE-WLAN Aggregation is introduced. The LWA bearer takes after the
DC Split Bearer, but with one transmission leg changed from AM RLC entity to WLAN. As the WLAN leg does not
guarantee error-free transmission, the PDCP in LWA bearer may receive PDCP PDUs out-of-sequence. To
compensate the loss that may occur in WLAN leg, a kind of ARQ is introduced in PDCP in downlink, e.g. polling in
downlink PDCP PDU, PDCP status reporting or LWA status reporting in uplink in normal cases. This enables the
eNB to retransmit PDCP PDUs lost in WLAN leg.
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3.1.1.1.3.3 Benéefit of the Proposal

In NR, it is not decided yet whether the ARQ function is introduced in PDCP or not. The need for ARQ in PDCP
depends on whether the PDCP should ensure error-free transmission in case the lower layers of the PDCP does
not ensure error-free transmission. If this is the case, the PDCP has to perform ARQ.

Furthermore, in 5G NR, various types of RBs would be defined to support various types of traffic flows. Then, it is
possible that the PDCP works for a Split Bearer where the lower layers are WLAN or UM RLC while the Split
Bearer requires error-free transmission. In addition, it may be possible that PDCP is located in Central Unit (CU)
and RLC is located in Distributed Unit (DU). In this case, having ARQ in RLC cannot cover the error that could
happen over CU-DU interface.

By supporting ARQ in PDCP, those cases can be well supported.

3.1.1.1.3.4 Conclusion
In NR, ARQ needs to be supported in PDCP in order to support various types of radio bearer and CU-DU split.

3.1.2 QoS support
3.1.2.1 QoS Support Proposals
3.1.21.1  Finer granularity of BSR/SR

3.1.21.1.1 Description

LC1 LC2 LC3 LC4 LC1 LC2 LC3 LC4
Buffer Status Report BSR for LG
or
LCG1 | [LCG2 BSR for LC2
BSR for LCG1 BSR forLC3
BSR forLCG2 BSR forLC4
<LTE> < New RAT >
LC1 LC2 LC3 LC4 LC1 LC2 LC3 LC4
Scheduling Request
SR SR
resource| |resource
SR resource per UE SR resource per LC or LCG
<LTE > < New RAT =

Figure 3.1.2.1-1: Finer granularity of BSR/SR for NR.
In NR, it is proposed finer granularity of BSR/SR is supported.

3.1.21.1.2 Motivation

BSR aspect:

In order to avoid resource waste in scheduling, it would be desirable that BSR is performed based on a granularity
which is finer than the granularity of scheduling. In this sense, in LTE, BSR per LCG seems sufficient because the
uplink resource is allocated per UE and the UE will multiplex data from all logical channels into one MAC PDU in
LCP procedure.
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In NR, however, it may be possible that the UE doesn’t multiplex data from all logical channels into one MAC PDU
for better support of QoS. In other words, one MAC PDU may consist of data from only one specific logical channel,
or some logical channels with the same QoS.

In this case, BSR per LCG may lead to waste of uplink resource. As the eNB cannot tell the exact amount of data
available for transmission for e.g., each logical channel or each QoS, the eNB may provide a larger amount of
uplink resource based on BSR per LCG.

With BSR per LCG, one possible way to avoid waste of uplink resource, i.e., to inform the eNB of the amount of
data for each logical channel or for each QoS, would be:

- to allocate only one logical channel to one LCG; or

- to allocate only the logical channels with the same QoS to one LCG.

Considering that the maximum number of LCGs is 4 and the number of logical channels and QoS that the UE
could support would be more than 4, BSR per LCG wouldn't allow to inform the amount of data for e.g., each of all
logical channels or each of all QoS.

SR aspect:

In LTE, when the eNB receives an SR, the eNB only knows that the UE has some data to transmit while the eNB
doesn’t know the amount or the priority of data that becomes available in the UE side. Thus, the eNB expects to
receive a BSR after the SR. As the BSR indicates the buffer size per LCG, and the eNB knows which logical
channel belongs to an LCG, the eNB can schedule the uplink grant based on the amount of data and the priority of
data.

Currently, on the other hand, it is possible for the UE to transmit data instead of BSR in case the received uplink
grant can accommodate the data but BSR. The assumption here seems to be that the eNB may provide enough
amount of uplink grant even without BSR, i.e., based only on SR. However, in practice, it may not be easy for the
eNB to allocate enough amount of uplink grant based only on SR, and we see this as one motivation of SR
enhancement in NR.

3.1.21.1.3 Bené€fit of the Proposal

BSR aspect:
In NR, if scheduling with finer granularity is possible, e.g., UL grant per logical channel, with BSR having finer
granularity, the resource waste can be minimized.

SR aspect:

If the eNB is able to know at least the priority of data upon reception of SR, the eNB can decide whether to
schedule the UE quickly at the risk of resource waste or to schedule accurately at the cost of uplink latency. For
example, the eNB provides large amount of uplink grant without waiting for a BSR if the priority of data is expected
to be high while the eNB provides small amount of uplink grant, e.g., at least for BSR, if the priority of data is
expected to be low. One possible way would be to map SR resource to a specific logical channel or LCG so that
the eNB can tell a priority of data upon reception of SR.

3.1.21.1.4 Conclusion

In NR, there is an intention to schedule different type of data by considering the characteristics of the data, e.g.,
latency and QoS. Scheduling without waste of resource can be achieved by BSR with finer granularity, e.g., BSR
per logical channel while scheduling without latency can be achieved by SR with finer granularity, e.g., SR per
logical channel. Thus, we propose to support BSR/SR with finer granularity.
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3.1.21.2 QoS specific cell operation

3.1.21.21 Description

Cell1

MAC

Cell2

RB3

IS

Cell4

Figure 3.1.2.1-2: Better QoS support by utilizing cell characteristics.

In NR, it is proposed a radio bearer with specific QoS is transmitted on a specific set of cells, which are designed to
support specific QoS.

3.1.21.22 Motivation

Up to Rel-13, the basic assumption in CA is that all cells aggregated for a UE have similar characteristics.
Therefore, the UE has not differentiated between aggregated cells for data transmission and reception.

With increased number of cells in CA, however, the characteristics of aggregated cells become different, and a
certain cell may have better radio quality than others, e.g. lower interference, lower delay, lower cell load, etc. In
this situation, it would be better to transmit a certain application on a better quality cell while keeping CA
configuration. For example, VolIP data is transmitted on the best quality cell while web browsing data is transmitted
on any of aggregated cells.

3.1.21.2.3 Bené€fit of the Proposal

A specific RB can be supported by a cell which is optimized for the type of data that is transmitted over the RB. For
example, VolP can be supported on low frequency band cell while web browsing on high frequency band cell.

By allocating different cells for different type of data, it would make it easier to optimize each cell for specific type of
data. In addition, it would make scheduling simpler because data with different QoS will not be multiplexed.

3.1.21.2.4 Conclusion

In NR, there is an intention to support QoS better. By restricting specific radio bearer to be transmitted only by a
specific set of cells, better QoS support would be more easier with reduced scheduling and deployment complexity.

3.1.21.3 QoS guaranteed PDU construction

3.1.21.3.1 Description
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UL grant
UL grant1 MAC PDU

[~ -] [ T grant2

RB1 RB2 RB3 RB1 RB2 RB3
(QoS1) (QoS1) (QoS2) (QoS1) (QoS1) (QoS2)
<LTE> < New RAT >

Figure 3.1.2.1-3: QoS guaranteed PDU construction LTE (Left) vs New Radio (Right).

In NR, it is proposed UE constructs a MAC PDU including data from RBs with same QoS. For this, eNB may
indicate a QoS in UL grant for which the UL grant targets.

3.1.21.3.2 Motivation

In LTE, when the UE wants to transmit data in uplink, it first request UL grant by transmitting buffer status report to
the eNB. Based on the buffer status report from the UE, the eNB allocates UL grant to the UE via PDCCH signaling.
The PDCCH includes various Downlink Control Information (DCI) using various formats, and, among them, DCI
format O is used to allocate an UL grant to the UE.

After reception of UL grant, due to the LCP procedure, one MAC PDU can contain data from multiple RBs
regardless of whether those RBs have same QoS or not. If data from multiple RBs with different QoS are
multiplexed into one MAC PDU, they all experience same radio treatment, e.g. same HARQ operation point, same
MCS level, etc. Therefore, different QoS handling is not well supported after data is included in the MAC PDU. In
order to ensure different QoS handling in radio interface, QoS multiplexing in one PDU should be avoided.

3.1.21.3.3 Bené€fit of the Proposal

In order to avoid QoS multiplexing, one simple way is to construct a MAC PDU using only data from RBs with same
QoS. In other words, QoS multiplexing is not supported in MAC. For this purpose, the LCP procedure needs to be
changed so that the MAC entity is able to apply LCP for RBs with a specific QoS.

It should be noted that some part of this method is already introduced in LTE Rel-14 LAA where the MAC entity
applies LCP for RBs that can be offloaded to unlicensed cells. Generalization of the LAA method could be a
solution to avoid QoS multiplexing in NR.

3.1.21.3.4 Conclusion

In NR, for better support of QoS control, it should be avoided to multiplex data having different QoS requirement
into one MAC PDU.
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4 ARCHITECTURE FOR NR
4.1 RAN Architecture
4.1.1.1 Performance analysis of functional split between central and distributed unit in RAN

41111 Description

The exponential growth of mobile traffic is pushing operators to invest more and more money to continuously
update their networks. However, mobile revenues from these networks are not increasing at the same pace. This
growing gap between cost and revenue is pushing mobile operators to find new and more fruitful network
architectures that, on one hand, allow them to more quickly introduce new services and features capable of adding
more capacity to the network and, on the other hand, help them in reducing the CAPEX and OPEX of their
business. Recent introduction of radio functionalities like CoMP, Dual Connectivity, Carrier Aggregation, loT
support, calls for centralizing some radio functionalities of the protocol stack in order to increase the capacity and
the efficiency of the network. Lower levels of radio protocol stack can still be left close to the antennas. This
functional split allows a more efficient transport solution for the connection (called fronthaul or midhaul — the
wording “fronthaul” will be used in this document) between the central unit, CU, and the distributed unit, DU, close
to the antenna, compared to the current available solutions (designed with all the functions implemented in the
central unit). In addition, this functional split allows the virtualization of the higher layers of RAN protocols, which are
less real-time critical, and can run on general purpose hardware, bringing more agility in service introduction and
network re-configuration by means of network slicing.. Various splits are feasible and currently under study in
3GPP as highlighted in the figure below taken from [3GPP TR38.801]:

- o | High- - Low- o | High- - Low- o | High- | i -
—# RRC » PDCP >  RLC > RlC > MAC > VAC PHY » Low-PHY RF —»
~ v
— Data Option 1 Option 2 Option 3 Option 4 Option 5 Option 6 Option 7 Option 8
777777777777777 S P P PN P P
o o High- Low- | High- | Low- | High- | o o
<— RRC = PDCP = RlC [ RLC [ MAC | MAC | PHY | Low-PHY & RF  |4——
<— Data

Figure 4.1.1.1-1: Function Split between central and distributed unit (from [3GPP TR38.801]).

The proposal is to test one or multiple functional splits among the possible ones and gain understanding of their
characteristics in terms of transport requirements and impact to end-user performance.

In the first steps of the work, tests will likely be based on single-vendor solutions while the following TTI phases
(PoC, IOT) will allow for multi-vendors trials.

41.11.2 Test Environment

The purpose of this test plan is to evaluate a virtualized eNB based on a low BBU provided by one vendor and on a

vBBU provided by the same or another vendor. The test will focus in particular on:
o The robustness of the configuration
o Performances of the solution

The configuration that will be considered in the test environment is described in the following picture:
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Figure 4.1.1.1-2: Test environment configuration.

Where
o The virtualized infrastructure of the picture is an example; the final environment
configuration selection is left to the vendors.
o Low BBU shall be provided by one vendor who can also provide RRH
vBBU shall be provided by the same or by another vendor
o the radio configuration (freq. band, cell bandwidth, MIMO mode) shall be discussed with
partners.

(¢]

41113 Test Cases

The test cases that will be considered are based on 4G features and KPI, but the extrapolation to 5G should be
straightforward. The following list is a preliminary proposal subject to change based also on the actual test
execution phase and the actual feature support:

- eNB performance
eNB startup (KPI : time to start)
OAM eNB restart (KPI : time to restart)
Low BBU restart (KPI : time to restart)
vBBU restart (KPI : time to restart)
Low BBU deployment (in case a new vBBU is not needed)
o Low BBU deployment (in case a new vBBU is needed)
- Nominal KPI
o Control plane KPI (duration of the procedure): UE attach; RRC call establishment,
handover (intra & inter vBBU)
o Throughput KPI: downlink maximum throughput, uplink maximum throughput, packet loss pe
rcentage
o Latency (time to manage a ping of 32, 1500 byte) / Latency KPI: round trip time for small
pings
- Multi cell KPI
o Carrier aggregation performance: check CA performances (end user throughput) for
cells managed with different fronthaul latency values
o UL JR CoMP: check UL CoMP performances (end user throughput) for cells managed
with different fronthaul latency values
o Interference coordination: check performances (end user throughput) for cells managed
with different fronthaul latency values
o Evaluation of LTE-A Performance with the introduction of impairments on coordination
interface: check LTE-A performances (end user throughput) when impairments are
introduced on the coordination interface
- Fronthaul robustness
o Latency: increase the latency up to the maximum when the eNB goes out of service
(KPI: DL & UL end user throughput et radio conditions, ping latency and RRC call
establishment)
o itter: increase the jitter up to half of the maximum latency (KPI: DL & UL end user
throughput , ping latency and RRC call establishment)

O O O O O
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o Packet error rate: increase the packet error rate up to the maximum when the eNB goes
out of service (KPl: DL & UL end user throughput , ping latency and RRC call
establishment)

o Bandwidth reduction: reduce the available bandwidth down to the minimum value (KPI:
DL & UL end user throughput , ping latency and RRC call establishment)

- Virtualization Performance
o Elasticity evaluation:
=  Time for the manual deployment of a vBBU
o Scale in/out time evaluation

41.1.1.3.1 eNB performance

These tests are used to verify the time needed for start-up and restart procedures.

o eNodeB start up: measure the time to have the eNodeB ready after GUI or CLI command

e OAM eNB restart: show that the operator has an option to restart the eNB using a GUI or CLI.
Measure the time needed for the operation

o LOW BBU restart: show that the operator has an option to restart Low BBU using a GUI or CLI.
Measure the time needed for the operation

e VBBU restart: show that the operator has an option to restart vBBU using a GUI or CLI. Measure the
time needed for the operation

e Low BBU deployment (in case a new vBBU is not needed): measure the time to have a new Low
BBU ready if the previously deployed vBBUs have enough available resources

e Low BBU deployment (in case a new vBBU is needed): measure the time to have a new Low BBU
ready if a new vBBU need to be deployed

41.1.1.3.2 Nominal KPI

e Control Plane KPI: goal of these tests is to verify the correct communication between the UE and the
MME.

o UE attach: the test is used to verify that the authentication procedures between the UE and
the MME are successfully executed (the vBBU needs formerly to establish an S1AP Link
towards MME)

o RRC call establishment: the test is used to verify that the UE is able to successfully attach on
the created vBBU instance

o RRC call release: the test is used to verify UE is able to successfully detach from the created
vBBU instance

o Handover intra vBBU: the test is used to verify if UE is able to perform an intra NFV inter
sector handover between 2 sectors controlled by the same vBBU

o Handover inter vBBUs: the test is used to verify if UE is able to perform an inter NFV sector
handover between 2 sectors controlled by different vBBU instances. Verify if the UE is able
to perform both S1 and X2 handovers

e Downlink maximum throughput: measure the maximum downlink throughput and packet loss
percentage in different bandwidths (10, 15 and 20 MHz) with UDP traffic

e Uplink maximum throughput: measure the maximum uplink throughput and packet loss percentage in
different bandwidths (10, 15 and 20 MHz) with UDP traffic

e Latency: measure the RTT delay of a ping with different packet size (32 bytes, 1500 bytes)

41.1.1.3.3 Multi cell KPI

e Carrier Aggregation Performance:
o Downlink maximum throughput: measure the maximum downlink throughput when carrier
aggregation feature is available using UDP traffic
o Uplink maximum throughput: measure the maximum uplink throughput when carrier
aggregation feature is available using UDP traffic
o Carrier Aggregation Performance versus Fronthauling latency: the test is used to verify the
UE performance when FH latency is added to a single or to all the carriers available for
aggregation
e UL JR CoMP:
o Uplink maximum throughput: measure the maximum uplink throughput of a UE in the overlap
area of two adjacent cells with UL JR CoMP feature ON and OFF
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o UL JR CoMP Performance versus Fronthauling latency: the test is used to verify the UE
performance in the overlap area of two adjacent cell when FH latency is added to a single or
to all the carriers available for JR

e Interference Coordination: measure the UE performance with different interference coordination
algorithms, different interference scenarios and different fronthaul latency values

e Evaluation of LTE-A Performance with the introduction of impairment on coordination interface:
measure the maximum UDP throughput both in UL and DL when impairments in terms of latency,
jitter, packet loss and bandwidth reduction are introduced on the coordination interface

41.1.1.3.4 Fronthaul robustness

e Latency: increase the delay and measure the UL & DL throughput, ping latency and check the RRC
call establishment. Goal of this test is the UE throughput, ping latency measurement and RRC call
establishment test when a delay is inserted on the FH link. UDP ftraffic is considered. The latency is
added at the same time on the UL and on the DL link.

e itter: Increase the jitter and measure the UL & DL throughput, ping latency and check the RRC call
establishment. Goal of this test is the UE throughput measurement, ping latency and RRC call
establishment test when a jitter is inserted on the FH link. UDP traffic is considered. A fixed DL and
UL latency value is added to the jitter. The latency is added at the same time on the UL and on the
DL link. The jitter has been inserted both in DL and UL

e Packet Loss: increase the FH packet loss and measure the UL & DL UDP throughput, ping latency
and check the RRC call establishment. Goal of this test is the UE throughput, ping latency
measurement and RRC call establishment test when different percentages of packet loss are
inserted on the FH link. The packet loss has been inserted both in DL and UL.

e Bandwidth reduction: reduce the available bandwidth down to the minimum value and measure the
UL & DL UDP throughput, ping latency and check the RRC call establishment. Goal of this test is the
UE throughput, ping latency measurement and RRC call establishment test when different bandwidth
reductions are inserted on the FH link.

41.1.1.3.5 Virtualization Performance

¢ Elasticity evaluation:
o Time for the manual deployment of a vBBU: measure the time to deploy a vBBU
o Scale in/out time evaluation: measure the time needed for scale in and scale out VNF
operations

41114 Test Results

41.1.1.4.1 Orange Test Results

e Configuration of the trial
Orange has performed a trial with an industrial partner in 2 phases:

- A lab phase in France to integrate Orange partner vBBU VNF on the virtualized infrastructure
(NGPoP) defined by Orange;

- A field phase in Poland, to validate the NGPoP and Orange partner VNF in the Orange Network
environment, and to perform tests in the field on two indoor cells and two dual-band 3-sector macro
eNB with a significant level of commercial traffic.

The Poland configuration is described in the following picture
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Figure 4.1.1.1-3: vRAN trial architecture
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Test results described in following sections are outcomes of this trial.

The 4G RAN architecture proposed by Orange partner is based on BBU split, with the L1 and a part of the L2 in the
RRH (called iRRH for intelligent RRH) and other functions of the BBU (L2+, L3, S1, X2, OAM) in the vBBU
managed at the NGPoP level. Between the iRRH and the vBBU, Orange partner has implemented an interface in

line with the principles described above.

A

Figure 4.1.1.1-4: An interface between the iRRH and the vBBU

vBBU

Midhaul/
Ethernet

dOodON

Radio site

X

Virtualized RAN

In the field network, the distance between eNB and the NGPoP was around 50km and there is no direct link
between each site due to transport constraints, thus for LTE Advanced features, data were exchanged through the

NGPoP which is considered to be a sub-optimal configuration.
e Test Results

o Nominal KPI

The spectrum configuration was
- 800MHz frequency band: 2*2 MIMO; bandwidth 15MHz
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- 2600MHz frequency band; 2*2 MIMO; bandwidth 10MHz

The 2600MHz UDP peak throughput was around 106Mbps in downlink and 30Mbps in uplink, which are in line with
Orange expectations. The short ping latency in good radio conditions was 13ms.

Conclusions: nominal KPI are in line with KPI of a traditional RAN, even if the BBU is split into 2 network functions

o Multi cell KPI - if features are supported

Based on the architecture described above, Orange partner has implemented downlink carrier aggregation and

uplink CoMP.

These two features require exchange of data between cells,
but as described above, due to Orange transport limitation,
these exchanges were managed through the NGPoP. This
configuration can be seen as a not favorable case.

Uplink CoMP results: it is always difficult to compare results from different field trials, but vRAN results are in line
with that of the traditional UL CoMP:

- Drive test results:
o Intra site UL CoMP

. Mid cell (95 <RSRP <100 dBm
UL CoMPgain

ARSRP <4 A RSRP<10

(reference throughput wasimpacted
by a higher number of userin the call]

o Inter site UL CoMP

Mid cell (95 <RSRP <100 dBm) Cell edge
UL CoMP gain

ARSRP <2 A RSRP<10 ARSRP <4

- Statistical observation:

w

§

UL Bits per PRB Allocated - 28% Gain with UL CoMP

“==UL Bits Per PRB Allocated
==Average CoMP OFF - 99.7
—Average CoMP ON - 120.1

§==='=§=3‘§§§=§=§ ssg**g
PR EafRyRiaTaRsaRiGRat
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Carrier Aggregation: when the tests were performed in the field, the maximum downlink peak throughput according
to the spectrum (15+10MHz) was achieved and drive tests results are quite conclusive.

- Drive tests
Drive tests Intra-site CA s e
CA
122 % 72 %

Conclusions: the impact of the BBU split on these 2 LTE advanced features is not seen in the field, as results are
equivalent to that of the traditional RAN.

o Fronthaul robustness

During this trial Orange has performed in labs some tests to evaluate the robustness of the Orange partner
interface against various errors and perturbations.
- Throughput requirements:
o these tests are performed based on the following configuration

| UE dongle |- D -| iRFH 3:_ )
e T e—c 8
CFI3 mode b £
23 g
:g'. vBBU B
o measurement results:
120 UDP traffic, DL UDP traffic, UL
40
110 35
i 100 i 30
[Vl 90 M 25
80 —VBBU (@B) 20 —xhaul(@C)
70 —xhaul (@C) 15 —vBBU (@B)
radio front (@D) EPC (@A)
60 10
70 80 90 100 15 20 25 30 35 40
VEPC bit-rate (Mb/s, @A) UE bit-rate (Mb/s, @D)
o conclusions:
= Backhaul traffic is 6% higher than application layer
= The Fronthaul traffic is 20% higher than backhaul
- Robustness of the Fronthaul interface
o Test configuration:
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- e Interface

" Aggregation switch
tool

o Results
= Packet Loss
e The system is stable up to high packet loss; no reset
e TCP: ok upto0.1% DL and 0.4% UL
e UDP: ok upto 1% DL or UL
e Conclusion: classical packet loss observed in Orange network are compatible
with this architecture
= Latency
e The system is stable up to very high latency (100ms)
e No supplementary impacts on the end user throughput up to 20 ms vs a
traditional RAN.
e Conclusion: the required latency of the Fronthaul interface allows to centralize
the vBBU

In the field, the interface was managed over the nominal Orange Poland transport network, without any issue
during the whole duration of the trial (1 month in the field).

Conclusion: the interface proposed by Orange partner is robust enough to be managed by a traditional transport
network and induces a small overhead of traffic proportional to the end-user traffic.

e Conclusion of tests with Orange partner

Based on results from Orange trial, in partnership with Orange partner, principles of the Fronthaul interface were
validated in labs and field with significant traffic.

This type of interfaces appears to offer the following benefits:
- Providing the opportunity to centralize vBBU, thanks to an efficient latency requirement,
- Allowing the implementation of efficient LTE Advanced features,
- Robust enough for large deployments, in various environments.

41.11.4.2 SKT Test Results

e Configuration of the trial
SKT has performed a trial with an industrial partner in 2 phases:
- A lab trial phase in Bundang to integrate SKT partner vBBU VNF on the virtualized infrastructure
using general-purpose hardware;
- Afield trial phase in Bundang, to validate in the SKT Network environment, and to perform tests in the

field on four dual-carrier macro eNBs. The geographical view of the sites and testing locations are
described in the following picture:
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CA Drive Test Route

MIDOfRIEza N

Also, below parameters were used for the field testing:

Band B7(20 M) B7(20 M) B7(20 M) B7(20 M)
DL Center Frequency 2,630 Hz 2,630 Hz 2,630 Hz 2,630 Hz
DL EARFCN 2850 2850 2850 2850
Output(W) 30 30 30 30

The 4G RAN architecture is the same as the one described in 4.1.1.1.4.1. In the field network, the distance
between vBBU and the iRRH was around 1km and there is no direct link between each site. Thus, for LTE
Advanced features, data were exchanged through the vBBU which is considered to be a sub-optimal configuration.

The definition of good, mid and edge radio condition is as follows:

Good MAX>SINR=>20dB
Mid 15dB>SINR=>10dB
Cell Edge 5dB>SINR=>-5dB

e Test Results

o Nominal KPI

The spectrum configuration was
- 2600Mt frequency band; 2x2 MIMO; bandwidth 20M:

First, we tested min/avg/max ping latency at different radio conditions (good, mid, edge) with different packet length
(32B, 1000B, 1500B).
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Emin mavg = max

Also, we tested sector DL/UL UDP throughput with single UE case and multi-UE case with different radio

conditions.
DL MAC Throughput Performance Multi UE Vs Single UE
160
140
g 120
< 100
a
-
2 a0
£
E o
&
[-4
£ 40
4
20
0
UE1 UE2 Single UE UE1 UE2 Single UE UE1 UE2 Single UE
(Multi UE) (Multi UE) (Multi UE) (Multi UE) ! (Multi UE) (Multi UE)
Location1 (EDGE) Location2 (MID) Location3 (GOOD)
& Total| 18.96383065 | 17.03454839] 32.63499231 | 35.15873418| 36.49427215 | 77.88647857 | 73.3263245 | 73.93828477 | 149.9636224
Locations
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Avg Throughput ( Mbps)
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UL MAC Throughput Performance Multi UE Vs Single UE

L

& L
UE1 UE2 Single UE UE1 UE2 Single UE UE1 UE2 Single UE
(MukiUE)  (Multi UE) (Multi UE) (Muti UE) (MultiUE)  (Mukti UE)
Location1 (EDGE) Location2 (MiD) Location3 (GOOD)
(s Total| 4.261788079 | 4.300218543 | 8.158938776 | 4.744858108 | 5.010371622 | 10.64710448 | 225879797 | 2258851777 | 44.86438235
LOCATION

The nominal KPlIs, ping latency and DL/UL throughput, were in line with SKT expectations, which are also in line
with KPI of a traditional RAN system.

o Multi cell KPI -

if features are supported

SKT partner has implemented DL intra-site/inter-site CA and UL CoMP.

For intra-site CA, 10+10 Miz dual-carrier is supported in a single iRRH. The average throughput results are shown

below:

PCELL 3200 104 71.81 71.79
SCELL 2900 103 71.96 71.94
Total 143.77 143.73
CA DL MAC Throughput
140 s
- 100
1.
E
;‘ 60
. 40
20
o

10/13/2016 10/13/2016 10/13/2016 10/13/2016 10/13/2016 10/13/2016 10/13/2016 10/13/2016 10/13/2016 10/13/2016 10/13/2016 10/13/2016
20:10 20:10 20:11 20:11 20:11 20:11 20:11 20:12 20:12 20:12 20:12 20:12

Time

= LTE KPI SCell[1] MAC DL Throughput —=a— LTE KP! PCell MAC DL Throughput[Mbps] —s— Total LTE KPI MAC DL Throughput[Mbps]

For inter-site CA, 20+10 Miz dual-carrier is supported two iRRHs in two different sites (CHOLIM Plaza and MIDO
Plaza). The static average throughput results and drive test results are shown below:
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150.26
SCELL 3200 101 72.22 72.19
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Time

=== LTE KF 5Ce 1] MAC DL Throughput == LTE KP1 PCell MAC DL Throughpat[Mbps] +— Total LTE KPI MAC DL Throughput{Mbps)

With ULCoMP enabled we could see 328.24% of gain in UL throughput and up to 5dB gain in UL SINR as
observed from BBU CLI console.The UL CoMP test location is marked in “Configuration of the trial”. UL MAC
throughput with ULCOMP enabled and disabled is compared below:

Static Test Inter Site ULCOMP L
4.5 B OIS ABLED a.154 328.2_4%
4 Gain
,. = ENABLED
,él 35
g 3
o
'5 2.5
E 2
g1s
= 2
5
0.5
o
Average
Locationl
WDISABLED 0.97
WENABLED 4.154

The impact of the BBU split on these 2 LTE advanced features is not seen in the field, as results are equivalent to
that of the traditional RAN.

o Fronthaul robustness

During the lab trial SKT has performed some tests to evaluate the robustness of SKT partner interface by inserting
and increasing a delay on the fronthaul link. Using impairment tool, we introduced delay in 20ms steps upto 80ms
(in UL & DL direction) and measured UDP throughput.
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FH Round Trip Delay (ms) | Application Layer Throughput (Mbps) | PDCP Layer Throughput (Mbps)
0 145 150
20 145 150
40 145 150
60 145 148
80 140.2 144

The system is stable up to very high latency (60ms round trip delay) which allows to centralize the vBBU.

o Virtualization performance

The live migration functionality of vBBU instances was demonstrated and the interruption time was measured when
the active session was going on which is around 200ms. With VoL TE service, the interruption was not noticeable.
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41.1.1.4.3 TIM Test Results — TIM partner #1

The 4G RAN architecture proposed by [Vendor 1] is illustrated in the following figure, where the BBUc is the
Centralized BBU, that is, the BBU part installed in the central Office, and the BBUr is the Remote BBU, that is, the
BBU part (according to the functional split implemented) installed in the remote site; it can be embedded in the
Radio Unit (in this case CPRI or OBSAI interface is not available) or stand alone. The RRU is the Macro/Micro or
pico Radio Unit. The Lx is the connection between the BBUc and BBUFr (that is called fronthaul/midhaul, and in this
document we will call it fronthaul).
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Figure 4.1.1.1-5: RAN architecture.

Referring to Figure 4.1.1.1-5, the solution tested in the lab and proposed by [Vendor 1] is implementing a version of
split 2, i.e. the L1 and a part of the L2 are in the remote site and other functions of the BBU (L2+, L3, S1, X2, OAM)
in central office.

Main test results are described in following sections.
o Test Results

o Nominal KPI

The spectrum configuration considered during the test was:
- 800-1800-2600MHz frequency band; 2*2 MIMO; bandwidth 20MHz

The 1800MHz peak throughput was around 147 Mbps in downlink and 49.3 Mbps in uplink for UDP traffic, which
are in line with the expectations.

The average ping latency values in good radio conditions for packets of 32 Byte is 17 ms.

Ping Size | Average[ms]
1500 25
1000 24

32 17

o Fronthaul robustness

During the lab trial TIM has performed some tests to evaluate the robustness of the [Vendor 1] fronthaul interface
against various errors and perturbations inserted with an impairment tool as shown in the following figure.

Lx Lx

BBUC 'mpf(')r()":e”t seur+RRU [ Ut

Figure 4.1.1.1-6: configuration for impairment introduction on the fronthaul.
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- Latency introduction: these tests were performed introducing an additional latency value over the
fronthaul link with the UE in good radio conditions. The results obtained for UDP ftraffic are shown in
the following figure, showing a good robustness of the considered functional split against the latency
impairments. The overhead over the fronthaul is 3% for the downlink and around 2% for the uplink.

THR [Mbps]

RTT Lxdelay [ms]
B UDP DL

Figure 4.1.1.1-7: DL UE throughput for different latency values over the fronthaul.

60

un
[=]
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w
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RTT Lxdelay [ms]

WUDP UL

Figure 4.1.1.1-8: UL UE throughput for different latency values over the fronthaul.

- Bandwidth limitation: these tests were performed introducing a bandwidth limitation over the fronthaul.

Lx Band limitation [Mbps]

B Application THR

Figure 4.1.1.1-9: DL UE throughput for different bandwidth limitation values over the fronthaul.
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Figure 4.1.1.1-10: UL UE throughput for different bandwidth limitation values over the fronthaul.

The results obtained with the implementation proposed by [Vendor 1] for the considered functional split highlighted
a good robustness against several impairments, enabling a centralized architecture without modifications in the
current transport network used for backhauling, requiring only a small overhead of bandwidth proportional to the

end-user traffic.

41.1.1.4.4 TIM Test Results — TIM partner #2

The 4G RAN architecture proposed by [Vendor 2] is illustrated in the following figure, where the BBUc is the
Centralized BBU, that is, the BBU part installed in the central Office, and the BBUr is the Remote BBU, that is, the
BBU part (according to the functional split implemented) installed in the remote site; it can be embedded in the
Radio Unit (in this case CPRI or OBSAI interface is not available) or stand alone. The RRU is the Macro/Micro or
pico Radio Unit. The Lx is the connection between the BBUc and BBUr (that is called fronthaul/midhaul, and in this
document we will call it fronthaul).
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Referring to Figure 55, the solution tested in the lab and proposed by [Vendor 2] is implementing a version of split
2, i.e. the L1 and a part of the L2 are in the remote site and other functions of the BBU (L2+, L3, S1, X2, OAM) in
central office.

Main test results are described in following sections.
e Test Results

o Nominal KPI

The spectrum configuration considered during the test was:
- 800-1800-2600MHz frequency band; 2*2 MIMO; bandwidth 20MHz

The 1800MHz peak throughput was around 148.3 Mbps in downlink and 49.7 Mbps in uplink for UDP traffic, which
are in line with the expectations.

The average ping latency values in good radio conditions for packets of 1000 Byte is 21 ms.

Ping Size | Average[ms]
1000 21
32 14

o Fronthaul robustness

During the lab trial TIM has performed some tests to evaluate the robustness of the [Vendor 2] fronthaul interface
against various errors and perturbations inserted with an impairment tool as shown in the following figure.

Lx Lx
BBUC 'mpfc')rorre”t seur+RRU [ Ut

Figure 4.1.1.1-12: configuration for impairment introduction on the fronthaul.

- Latency introduction: these tests were performed introducing an additional latency value over the
fronthaul link with the UE in good radio conditions. The results obtained for UDP ftraffic are shown in
the following figure, showing a good robustness of the considered functional split against the latency
impairments. The overhead over the fronthaul is 11% for the downlink and around 16% for the uplink.

UDP DL
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Figure 4.1.1.1-13: DL UE throughput for different latency values over the fronthaul.
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Figure 4.1.1.1-14: UL UE throughput for different latency values over the fronthaul.

- Bandwidth limitation: these tests were performed introducing a bandwidth limitation over the fronthaul;
limiting the throughput on FH lower than 60 Mbps the node restarts.
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Figure 4.1.1.1-15: DL UE throughput for different bandwidth limitation values over the fronthaul.

The results obtained with the implementation proposed by [Vendor 2] for the considered functional split highlighted
a good robustness against several impairments (except for bandwidth reduction), enabling a centralized
architecture without modifications in the current transport network used for backhauling, requiring only a small
overhead of bandwidth proportional to the end-user traffic.

41.1.1.4.5 TIM Test Results — TIM partner #3

The 4G RAN architecture proposed by [Vendor 3] is illustrated in the following figure, where the BBUc is the
Centralized BBU, that is, the BBU part installed in the central Office, and the BBUr is the Remote BBU, that is, the
BBU part (according to the functional split implemented) installed in the remote site; it can be embedded in the
Radio Unit (in this case CPRI or OBSAI interface is not available) or stand alone. The RRU is the Macro/Micro or
pico Radio Unit. The Lx is the connection between the BBUc and BBUr (that is called fronthaul/midhaul, and in this
document we will call it fronthaul).
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Figure 4.1.1.1-16: RAN architecture.
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Referring to Figure 4.1.1.1-16, the solution tested in the lab and proposed by [Vendor 3] is implementing a version
of split 2, i.e. the L1 and a part of the L2 are in the remote site and other functions of the BBU (L2+, L3, S1, X2,

OAM) in central office.

Main test results are described in following sections.

e Test Results

o Nominal KPI

The spectrum configuration considered during the test was:
- 2600MHz frequency band; 2*2 MIMO; bandwidth 10MHz

The 2600MHz peak throughput was around 71.5 Mbps in downlink and 22 Mbps in uplink for UDP traffic, which are
in line with the expectations.

The average ping latency values in good radio conditions for different ping sizes is reported in the table below.

Ping Size | Average[ms]
1500 33
1000 27

32 17

o Fronthaul robustness

During the lab trial TIM has performed some tests to evaluate the robustness of the [Vendor 3] fronthaul interface
against various errors and perturbations inserted with an impairment tool as shown in the following figure.

Lx ] Lx
BBUC 'mp:c';)Te”t geur+RRU | Ut

Figure 4.1.1.1-17: configuration for impairment introduction on the fronthaul.

NGMN TTI TTBB Report,
Version 1.0, 29 —06-2017

Page 99 (123)



ngmn

the engine of broadband
wireless innovation

Latency introduction: these tests were performed introducing an additional latency value over the
fronthaul link with the UE in good radio conditions. The results obtained for UDP traffic are shown in

the following figure', showing a good robustness of the considered functional split against the latency
impairments.
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Figure 4.1.1.1-18: DL/UL UE throughput for different latency values over the fronthaul.
Bandwidth limitation: these tests were performed introducing a bandwidth limitation over the fronthaul

link. The results obtained for UDP traffic are shown in the figures below. Comparing the X and Y axis

it is possible to estimate the overhead over the fronthaul, that is 12-16% for the downlink and around
20-30% for the uplink.

UE DL Throughput for different DL FH limitations
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Figure 4.1.1.1-19: DL UE throughput for different bandwidth limitation values over the fronthaul.

! The fronthaul impairment tests were performed considering a sub-optimal configuration of the system, so

the peak values are slightly lower than the values reported in the Nominal KPI section, obtained with an
optimized configuration.
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Figure 4.1.1.1-20: UL UE throughput for different bandwidth limitation values over the fronthaul.

The results obtained with the implementation proposed by [Vendor 3] for the considered functional split highlighted
a good robustness against several impairments, enabling a centralized architecture without modifications in the
current transport network used for backhauling, requiring only a small overhead of bandwidth proportional to the

end-user traffic.

41.1.1.4.6 TIM Test Results — TIM partner #4

The 4G V-RAN PoC architecture proposed by [Vendor 4] is illustrated in the following figure, where the BBUc is the
Centralized BBU, that is, the BBU part installed in the central Office, and the BBUr is the Remote BBU, that is, the
BBU part (according to the functional split implemented) installed in the remote site; it can be embedded in the
Radio Unit (in this case CPRI or OBSAI interface is not available) or stand alone. The RRU is the Macro/Micro or
pico Radio Unit. The Lx is the connection between the BBUc and BBUr (that is called fronthaul/midhaul, and in this
document we will call it fronthaul).

(CPRI/OBSAl

_________

@
@
[
&

Central Office

R —

CoRIfOBSAl

-

Remote Site

Figure 4.1.1.1-21: RAN architecture.

e e e -

Referring to Figure 4.1.1.1-21, the solution tested in the lab and proposed by [Vendor 4] is implementing a version
of split 2, i.e. the L1 and a part of the L2 are in the remote site and other functions of the BBU (L2+, L3, S1, X2,
OAM) in central office. The vBBU implementation is based on two different virtual machines independently scaling
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with the increase of CP and UP ftraffic, in order to benefit both capacity and connection reliability and in general to
start verifying the capability to configure, scale and reconfigure logical nodes via SW, enabling RAN to dynamically
adjust to changing traffic conditions, HW faults as well as new service requirements.
Main test results are described in following sections.

e Test Results

o Nominal KPI

The spectrum configuration considered during the test was:
- 1800MHz frequency band; 2*2 MIMO; bandwidth 20MHz

The 1800MHz peak throughput was around 149.5 Mbps in downlink and 47 Mbps in uplink for UDP traffic, which
are in line with the expectations.

The average ping latency values in good radio conditions for packets of 1300 Byte is around 22 ms.

o Fronthaul robustness

During the lab trial TIM has performed some tests to evaluate the robustness of the [Vendor 4] fronthaul interface
against various errors and perturbations inserted with an impairment tool as shown in the following figure.

Lx ] Lx
BBUC 'mp:c';)Te”t geur+RRU | Ut

Figure 4.1.1.1-22: configuration for impairment introduction on the fronthaul.

- Latency introduction: these tests were performed introducing an additional latency value over the
fronthaul link with the UE in good radio conditions. The results obtained for UDP ftraffic are shown in
the following figure, showing a good robustness of the considered functional split against the latency
impairments. The overhead over the fronthaul is 5% for the downlink and around 3% for the uplink.

Latencyon FH - DL

0 20 40 100 130 160 200 250
RTT delay [ms]

= UDP DL DLThr on FH for UDP

Figure 4.1.1.1-23: DL UE and FH throughput for different latency values over the fronthaul.
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Figure 4.1.1.1-24: UL UE and FH throughput for different latency values over the fronthaul.

- Bandwidth limitation: these tests were performed introducing a bandwidth limitation over the fronthaul;
the throughput sent on fronthaul showed some limitation.
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Figure 4.1.1.1-25: DL UE and FH throughput for different bandwidth limitation values over the fronthaul.
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Figure 4.1.1.1-26: UL UE and FH throughput for different bandwidth limitation values over the fronthaul.

The results obtained with the implementation proposed by [Vendor 4] for the considered functional split highlighted
a good robustness against several impairments (except for bandwidth limitation), enabling a centralized
architecture without modifications in the current transport network used for backhauling, requiring only a small

overhead of bandwidth proportional to the end-user traffic.
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o Virtualization performance

Test sessions under different traffic load conditions (achieved through a very advanced traffic generator) have been

performed in order to evaluate scalability of vRAN virtual machines:
1. Control Plane: the correct triggering of scale infout has been verified with different traffic
conditions in terms of inter-arrival time, total amount and duration of UE contexts.
2. User Plane: the correct triggering of scale in/out has been verified with different traffic
conditions in terms of inter-arrival time, total amount and dimension of packets.

A maximum time for virtual machine creation of 50 seconds has been observed during the lab tests.

CP Scaling with different attach intensity

r"HIH_F Scale out Threshold

Attched Users

0 50 100 150 200 250 300 350
UE contexts allocated to first VIV Time [s]
UE contexts allocated to 2 VM deployed by scale-out

Figure 4.1.1.1-27: Example of VM CP scale out.

4.1.1.2 Network MIMO

Test environment/system configuration

41.1.21 Time-Division Duplex (TDD) system is adopted in this Test environment
In Figure 4.1.2.1-1, Radio Front Node (RFN): Tl-based HW platform with PHY codes & relevant functionalities to
support joint transmission. Baseband Processing Node (BPN): Intel X86-based platform with L1 and above protocol
stacks codes & relevant functionalities to support joint transmission. Ultra-Dense Network (UDN) Server: Intel X86-
based platform with channel prediction and precoding matrix computation functions to coordinate joint transmission.
User Equipment (UE): User device which supports TDD system and Long-Term Evolution (LTE) transmission
mode 8. Core Network: Commercial Evolved Packet Core (EPC). This is to test network Multi-Input Multi-Output
(MIMO) with joint transmission with 8 devices and 8 eNBs where each eNB has 2 antennas, and is split into RFN

and BPN, although in many cases these two units have been combined into one small cell. It also includes a UDN
server for the purpose of channel prediction and precoding calculations, and a Core Network for session and
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connection management. The RFNs are connected to a BPN, which is further connected to a UDN server/Core
Network through Gigabit (or Ten-Gigabit) Ethernet.

Protocols
wET e
Scheduler
Server

Py — — puy

"\\ - [ i i

PHY . — §F § — pny

wPHY — pHy,

. : UEs .

pHY — PHY

Figure 4.1.1.2-1: TDD Testing system configuration.

41.1.2.2 Testitems

1. Report Period
B Test Purpose
® Verify how the channel report period affects the network MIMO performance
m Configuration
TDD Band =40
Bandwidth = 5 MHz (i.e., 25 RBs)
Precoding = 1 precoding matrices per RB, total 25 precoding matrices
Report period = 10 ms, 20 ms, and 40 ms

B Procedures

® UDN Server configures UE on SRS report period
» Report period = 10 ms, 20 ms, and 40 ms
® UE reports the channel estimations to UDN Sever
® Based on the reported information, UDN Server calculates the precoding

matrices and forwards them to BPN/RFN
® BPN/RFN applies the precoding matrices for downlink transmissions
® Evaluate the System Performance
»  throughput or UE’s Signal-to-Interference-plus-Noise Ratio (SINR) for different
Sounding Reference Signal (SRS) report periods

2. Wide/Sub-band Precoding

B Test Purpose

® Test the network MIMO performance between wide-band and sub-band
Precoding

m Configuration
TDD Band = 40
Bandwidth = 5 MHz
Channel Reporting Period = 10 ms
Precoding= sub-band: 1 precoding matrices per RB

wide-band1: 1 precoding matrices per 2 RBs

wide-band2: 1 precoding matrices per 4 RBs
B Procedures
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Select precoding scenario 1. sub-band 2. wide-band1 3. wide-band2

UDN Server configures UE on SRS report period=10 ms

UE reports the channel estimations to UDN Sever

Based on the reported information, UDN Server calculates the sub-band/wide-
band precoding matrices and forwards the result to BPN/RFN

BPN/RFN applies the precoding matrices for downlink transmissions

Evaluate the System Performance

> throughput or UE’s SINR per precoding scenario

3. Environment under test

B Test Purpose

® Verify network MIMO performance in conference and meeting room
(Figure 4.1.1.2-2)

m Configuration
TDD Band = 40
Channel Reporting Period = 10 ms
Bandwidth = 5 MHz
Precoding = 1 precoding matrix per RB

B Procedures

Select test environment

UDN Server configures UE on SRS report period=10 ms

UE reports the channel estimations to UDN Sever

Based on the reported information, UDN Server calculates the precoding
matrices and forwards the result to BPN/RFN

BPN/RFN applies the precoding matrices for downlink transmissions
Evaluate the System Performance

» throughput or UE’s SINR for stated environments

Figure 4.1.1.2-2: Conference and Meeting Room

41.1.2.3 MWC 2017 Demonstration

ITRI's demonstration at MWC 2017 was a proper representation of environments that resemble those in
conference room (Figure 4.1.1.2-3). The following are the configuration parameters for this test

e TDDBand =40

e Bandwidth =10 MHz (i.e., 50 RBs)

e Precoding = 2 precoding matrices per RB

o Report period =5 ms

o Number of transmit antennas = 16

e  Number of UEs =4
Channel prediction and precoding matrix computations were performed in the UDN server, which is an Intel X86-
based platform.
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Figure 4.1.1.2-3: MWC 201etwork MIMO Demonstration

4.1.1.2.3.1 Test Results

The Network MIMO function was not activated when the system was first turned on. The 4 UEs tried but all failed to
make connections with the RFNs due to severe interference in the environments. Then, the Network MIMO
function was activated while the system was kept on. The 4 UEs were readily successful making connections to
the RFNs in a very short time. Figure 4.1.1.2-4 shows that a data rate of 3 mbps was achieved for a single UE, and
an aggregated data rate of 10.8 mbps achieved for 4 UEs, which is close to the efficiency of QPSK. Figure 4.1.1.2-
5 shows that the data rate of the UEs can increase linearly with the number of small cells through network MIMO
technology. Future work will improve the PHY layer to reach the efficiency of 64QAM.

Figure 4.1.1.2-4: Four Commercial UEs Used in Network MIMO Demonstration
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Figure 4.1.1.2-5: Throughput Increases Linearly with No. of UEs

4.1.1.24 ITRI Demonstration

Due to some unresolved issues in the Physical (PHY) layer, an OpenAirinterface (OAl) platform was used as a
replacement for this test in Figure 4.1.1.2-6. Two test cases were conducted, and their parameter settings are listed
in the configuration:
Test Case 1:

TDD Band =40
Bandwidth = 5 MHz (i.e., 25 RBs)
Modulation = 16 QAM
Precoding scenario = 1 precoding matrix per RB
Report periods:
=  Period1 =10 ms,
=  Period 2 = 20 ms,
= Period 3=40 ms
Number of transmit antenna = 8
Number of UEs = 4

Test Case 2:

[ )

TDD Band =40
Bandwidth =5 MHz (i.e., 25 RBs)
Modulation = 16 QAM
Precoding scenarios:
= Scenario 1: 1 precoding matrix per RB
= Scenario 2: 1 precoding matrix per 2 RB
= Scenario 3: 1 precoding matrix per 4 RB
Report periods = 10 ms
Number of transmit antenna = 8
Number of UEs = 4

Channel reporting is achieved through wired connections between UEs and the UDN server as a substitute for the
usual wireless connections in telecom operations. Clock synchronization amongst all the eNBs is maintained via an
external clock source Octoclock-G. Channel prediction and precoding matrix computations were performed in the
UDN server. In Test Case 1, the report period was varied and tested to show its impact on the SINR. In Test case 2,
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three precoding scenarios were tested (the number of RBs used for the precoding matrix was varied) to show its
impact on the SINR.

,,,,,

e

Figure 4.1.1.2-6: ITRI

Idoor Test Environments fdr Network MIMO

41.1.241 Test Results

Two test cases were conducted for this OAl based testing. In Test Case 1, the report period was varied and tested
to show its impact on the SINR. In Test case 2, three precoding scenarios were tested (the number of RBs used
for the precoding matrix was varied) to show its impact on the SINR. The test results demonstrate the performance
of the 16QAM Network MIMO system, which consists of 4 BSs (each with 2 antennas) and 4 UEs (each with 1
antenna), varies with the different report periods and the number of resource blocks used for the precoding matrix.
Through these test results, Figure 4.1.1.2-7 demonstrate the performance of the 16QAM Network MIMO system,
which consists of 4 BSs (each with 2 antennas) and 4 UEs (each with 1 antenna), varies with the different report
periods and the number of resource blocks used for the precoding matrix. It is shown that the system performance
is inversely proportional to the report periods and the number of RBs. Figure 4.1.1.2-8 shows when the channel
report period is 40 ms, the UE’s SINR is about 3 dB lower than that of when the report period 10 ms. Figure
4.1.1.2-9 shows when each RB uses a precoding matrix, the SINR is more than 1 dB higher than when every 2
RBs use a precoding matrix, and is more than 2 dB higher than when every 4 RBs use a precoding matrix.

Figure 4.1.1.2-7: 16 QAM Constellation with Interference Cancellation (precoding) at 4 OAIl UE side
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UE ID Report Period SINR

UE1 10 ms 19.1133 dB
UE 2 10 ms 19.1291 dB
UE 3 10 ms 19.1541 dB
UE 4 10 ms 19.1115 dB
UE1 20 ms 18.2139 dB
UE 2 20 ms 18.1607 dB
UE 3 20 ms 18.1892 dB
UE 4 20 ms 18.3192 dB
UE1 40 ms 16.0796 dB
UE 2 40 ms 15.6004 dB
UE 3 40 ms 16.2691 dB
UE 4 40 ms 16.0339 dB

Figure 4.1.1.2-8: Channel Report Periods vs. UE’s SINR (Test Case 1)

UE ID Precoding Scenario SINR

UE 1 Sub-band: 19.0497 dB
1 precoding matrix per RB

UE 2 Sub-band: 19.1541 dB
1 precoding matrix per RB

UE3 Sub-band: 19.1234 dB
1 precoding matrix per RB

UE 4 Sub-band: 19.1289 dB
1 precoding matrix per RB

UE 1 Wide-band: 17.8876 dB
1 precoding matrix 2 RB

UE 2 Wide-band: 17.67577 dB
1 precoding matrix 2 RB

UE 3 Wide-band: 17.60781 dB
1 precoding matrix 2 RB

UE 4 Wide-band: 17.78491 dB
1 precoding matrix 2 RB

UE1 Wide-band: 16.9859 dB
1 precoding matrix 4 RB

UE 2 Wide-band: 15.2831 dB
1 precoding matrix 4 RB

UE 3 Wide-band: 16.6654 dB
1 precoding matrix 4 RB

UE 4 Wide-band: 15.7423 dB

1 precoding matrix 4 RB
Figure 4.1.1.2-9: RB vs. UE’s SINR (Test Case 2)

41.1.25 Conclusions

Network MIMO system was demonstrated by a 16x4 scenario (8 eNBs each with 2 antennas and 4 single antenna
UEs). The performance measured in system throughput had four-fold improvement to a SISO mode system using
QPSK modulation. There are several possible ways to enhance system performance and increase system capacity.

Those are listed as follows:
. RF calibration for gain mismatch effect

. Channel estimation quality enhancement
. SRS and precoder power control
. Synchronization compensation

OAl based-network MIMO system indoor testing was conducted with an 8x4 scenario (8 transmit antenna and 4
single antenna UEs). In Test Case 1, when the channel report period is 10 ms, the UE’s SINR is about 3 dB higher
than that of when the report period is 40 ms. In Test case 2, three precoding scenarios were shown the influence
on the UEs’ SINR for the varied RBs used for the precoding matrix. When each RB uses a precoding matrix, the
SINR is more than 1 dB higher than when every 2 RBs use a precoding matrix, and is more than 2 dB higher than
when every 4 RBs use a precoding matrix. These tests have shown that the data rate of the UEs can increase
linearly with the number of small cells through network MIMO technology. The test results also demonstrate that
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the 16 QAM network MIMO system performance is inversely proportional to the report period and the number of
RBs.
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4.2 Core architecture
4.2.1.1 EPS-5GS Interworking

42111 Description

Regardless of migration options listed from TSG#72 (June 2016 SA/RAN Plenary), partial deployment of 5G
system requires an interworking solution between the legacy LTE/EPC and the NG-RAN/NG-Core. Because UE
may frequently move across the 4G/5G boundaries, possible solutions should be assessed in terms of reducing
UE'’s service interruptions while affecting as little impact as possible to both NG-Core as well as EPC.

There are two approaches for the solutions accepted as work items for Rel-15 in 3GPP SAZ2: tight interworking and
loose interworking. The tight interworking solution requires a dedicated interface to transfer context information
between NG-Core and EPC. On the other hand, the loose interworking solution doesn’t need the interface but
utilizes a dual-attach mechanism to both NG-Core and EPC.

In order to minimize the impact on the both cores, a loose interworking solution is prosed here with two basic
concepts. One is a common |IP anchor which requires no modification of the legacy E-UTRAN and EPC by reusing
legacy interfaces while preserving IP addresses via 5G HSS. The other one is a dual-radio/ dual-attach mechanism
which could further reduce the service interruption and provide additional features such as link switching, steering
and aggregation.

Internet Internet

EPC /=
Legacy EPC
interface
5G Partial
Deployment

5G Partial

Deployment
LTE

= —

Minimize Service Interruption Minimize Service Interruption

Figure 4.2.1.1-1: Proposed loose interworking with two basic concepts.

4.21.1.2 Test Environment and Cases

The following scenarios are considered for performance evaluation of the proposed solution.

WK

@

Figure 4.2.1.1-2: Performance Evaluation Scenario

In more detail, the following three options have been compared in the evaluation.
Option-1: EPS-5GS interworking with a single radio UE
Option-2: EPS-5GS interworking with a single radio UE (SIB pre-acquisition)
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Option-3: EPS-5GS interworking with a dual radio UE (pre-registration)

4.21.1.3 Test Results

The handover interruption time of the proposed EPS-5GS interworking solution is analyzed in Figure 4.2.1.1.-3.
The interruption time amounts to 450ms in case of a single radio UE without pre-registration (BBM; break-before-
make), while it reduces to 250ms in case of a single radio UE with SIB pre-acquisition, based on the preliminary
evaluation. The EPS-5GS interworking option for a dual radio UE gives the best performance of 25ms in the
handover interruption time.
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(a) Option-1: EPS-5GS interworking with a single radio UE
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(b) Option-2: EPS-5GS interworking with a single radio UE (SIB pre-acquisition)
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(c) Option-3: EPS-5GS interworking with a dual radio UE (pre-registration)

Figure 4.2.1.1-3: Handover Interruption Time Analysis

The table 4.2.1.1.-1 summarizes the performance of the proposed EPS-5GS interworking solution. In the table,
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Table 4.2.1.1-1 Performance Evaluation of EPS-5GS Loose Interworking

Loose Interworking Handover Interruption Time (ms) LTE Fallback Time (ms)
Option-1: Single radio UE 450 ms 550 ms
Option-2: S|ng.le., .radlo UE 250 ms 350 ms
(SIB pre-acquisition)

Option-3: Dual radio UE
25 ms 125 ms

(Pre-registration)

* RLF Detection Time = 100ms is assumed

42114 Conclusion

The proposed EPS-5GS interworking solution can resolve the coverage issues during the initial deployment of the
5G system, while minimizing impact on the legacy EPS network.

The performance evaluation in inter-system mobility scenarios verified that the proposed solution can provide
required performance and guarantee seamless communication for UE’s data traffic.

421.1.5 References
[1]1 3GPP TS 23.501 System Architecture for the 5G System
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5 COORDINATION ALGORITHMS
5.1 Downlink
5.1.1.1 Coordinated Interference Cancellation

5.1.1.1.1 Description

As small cells become more densely deployed in the 5G cellular systems, performance degradation due to co-
channel interference will be a more serious problem and make it hard to meet the cell edge requirement of 5G,
which is three times higher than IMT-Advanced requirement [1]. Advanced coding and modulation techniques have
been proposed to deal with co-channel interference problems on the UE side after network-assisted interference
cancellation and suppression (NAICS) study/work items in 3GPP Release 12. One representative scheme is
coordinated interference cancellation (CIC) where a transmitter uses the staggered transmission structure and a
receiver performs both sliding window decoding and successive interference cancellation in order to efficiently
recover desired and interfering codewords.

In the CIC scheme, a single communication block consists of multiple, say b, subblocks, each consisting of n
transmitted symbols. In the OFDM architecture, each subblock is defined as resource resulted from dividing whole
allocated frequency-time resource by a certain number (b in the CIC scheme). Each code block (CB) is transmitted
over multiple subblocks and multiple levels. To be concrete, we assume that n 16-QAM symbols are transmitted.
To communicate the CB m(j) for j=1, 2, ..., b-1, the transmitter uses a binary channel code of length 4n bits to form
a codeword and its scrambled and/or interleaved version, an encoded CB, c(j). For transmission in subblock j, the
first half of the encoded CB c(j) from the current CB m(j) is mapped to one level, while the second half of the
encoded CB c(j-1) from the previous CB m(j-1) is mapped to the other level, as illustrated in Fig. 5.1.1.1-1.

m()

v

‘ Channel coding ‘

v

Scrambling
and/or
interleaving
()
1st half of c(j) 2nd half of c(j)
| mGg) | mG)
m(j-1) m(j)
subblock Jj-1 j Vaz!

Figure 5.1.1.1-1: Basic CIC encoder structure.

As for the transmit diversity mode in MIMO transmissions, the two levels are fed into one modulation mapper as its
inputs. The modulation mapper takes two bits from one level as MSBs and two bits from the other level as LSBs to
form an input, 16-QAM symbol(s), to the layer mapper. As for the spatial multiplexing mode, one modulation
mapper takes two bits from one level to form the first input, 4-QAM symbol, to the layer mapper. Similarly, the other
modulation mapper takes two bits from the other level to form the second input, 4-QAM symbol, to the layer
mapper. A similar operation can be readily adapted to lower or higher-order QAM symbols. Overall, (b-1) encoded
CBs are transmitted over b subblocks with one level missing during the initial and/or final subblock(s), resulting in a
slight rate loss from the actual code rate. Layer mapping and precoding for transmit diversity and spatial
multiplexing specified in 3GPP TS 36.211 can also be used for CIC. Figs. 5.1.1.1-2 and 5.1.1.1-3 show the TP
transmission chains for CIC in the transmit diversity and spatial multiplexing modes, respectively. Note that the
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basic CIC encoder structure and the corresponding TP transmission chains can be naturally extended to the case
for more than two transmit antenna ports.

13t half of ¢(j)
[0 ]
_— - - —> —>
. Resource OFDM
) Channel 2 half of c(j-1) Modulation ) Layer Pré— element signal Antenna )
encoder mapper mapper coding . ports
mapper generation
—_— —> —> —> -
m(j): j" CB; c(j): j encoded CB
Figure 5.1.1.1-2: TP transmission chain for CIC in the transmit diversity mode.
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) > Modulati b > > > >
odulation
mapper
Resource OFDM
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mapper generation
Modulation
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m(j): i CB; c(j): j™ encoded CB
Figure 5.1.1.1-3: TP transmission chain for CIC in the spatial multiplexing mode.
The UE receiver recovers desired CBs by sliding a decoding window spanning over two subblocks. In each

decoding window, the desired CB and/or the interfering CB are/is recovered, successively. Fig. 5.1.1.1-4 illustrates
an example of the decoding operation that corresponds to the encoder structure in Fig. 5.1.1.1-1.

block i J+l j+2
Desied | Tevell | m() | mgely | mi+2)
encoded CBs | Joyel 2 mij) mij+1)

Tnterfering | levell | w'() | wgrD) | mGe2)
encoded CBs | jevel 2 m(y | (1)

Ve

black j i+ j+2
Desired level 1 ‘ mij+1) m(j+2)
encoded CBs | Jevel 2 m(+1)
Interfering | lovel 1 | w(+1) | w2
encoded CBs | 1ayal 2 m (L)

Figure 5.1.1.1-4: Basic CIC decoder structure.

If both the desired and interfering encoders use the two-level encoder structure illustrated in Fig. 5.1.1.1-1, there
are four possible decoding orders at the UE receiver:
1. The desired encoded CB c(j) only
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2. ¢(j), then the interfering encoded CB c'(j)

3. c'(j), then c())

4. The next interfering encoded CB c'(j+1), then c(j)
The four possible decoding orders at the UE receiver have different trade-offs between the rate R of the desired
encoded CB and the rate R’ of the interfering encoded CB, as illustrated in Fig. 5.1.1.1-5. When two pairs of a TP
transmitter — a UE receiver communicate over an interference channel, the intersection of the achievable rate
regions at both UE receivers determine the achievable rate region of the entire system.

R'a
/ Decoding order 1

/ Decoding order 2

AN

N Decoding order 3
AN /

N / Decoding order 4

Figure 5.1.1.1-5: Achievable rate regions of CIC and optimal maximum-likelihood decoding (MLD) at a
UE receiver. The dotted line reflects the optimal MLD rate region.

In order to enable the CIC scheme, it requires network coordination among cooperating TP transmitters for
feedback information, joint scheduling, and network assisted signalling. CSI feedback information from the UE
receivers including CQls, PMIs, and/or Rls associated with the serving TP transmitter and one (or more) dominant
interfering TP transmitter(s) can be used for efficient joint scheduling among cooperating TP transmitters to
maximize the average and cell edge UE throughputs. In addition, downlink control information including MCS, PMI,
RI, and/or RNTI of the dominant interfering signal as well as those of the desired signal should be supported in
order to recover desired messages by decoding for interfering signals in the CB level on the UE receiver side.

5.1.1.1.2 Test Environment and Cases

System-level simulations (SLS) are performed to demonstrate the performance gains of CIC over conventional
interference-aware receivers. We consider two deployment scenarios; Urban Macro (ISD=500m) and Dense Urban
(ISD=200m). There are 19 hexagonal cells and three sectors per cell. Each TP transmitter or UE receiver is
equipped with 2Tx/2Rx cross polarized antennas. The traffic is non-full buffer FTP traffic model 1. Two UE
receivers in two different serving cells are paired for CIC based on PF scheduling metrics. The channel model is 3D
UMa. Detailed evaluation assumptions are provided in Table 5.1.1.1-1.

Table 5.1.1.1-1: Parameters of SLS evaluations for CIC

Parameters Urban Macro Dense urban (Single layer)
Carrier
4GHz Macro layer: 4GHz
frequency
Subcarrier
) 15kHz
spacing
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System

, 10MHz
Bandwidth
Macro Layer: Hexagonal grid, 3 sectors per
Hexagonal grid, 3 sectors per site, 19 site, 19 macro sites
Layout macro sites Small cell layer: small cells uniformly random
dropping within macro geographical area
ISD 500m Macro layer: 200m
Channel model 3D UMa (Macro layer)
TP Tx power 46dBm/10MHz 41dBm/10MHz
TP antenna (M,N,P,Mg,Ng) = (1,1,2,1,1)
configuration (dH,dV) = (0.5, 0.8)A.
TP antenna )
According to 3GPP TR 36.873
pattern
TP antenna
25m for macro cells
height
UE antenna
] . Cross Pol (-45/45 degree)
configuration
UE antenna
Omnidirectional
pattern
UE antenna follow 38.802
height
UE antenna
. 0 dBi
gain
UE receiver
9dB
noise figure
UE Dropping indoor UE 80%, outdoor UE 20%
UE speed 3km/h, 30km/h (follow 3GPP TR 38.802)
) Baseline for calibration purpose : MMSE-IRC
UE receiver

Codeword-level interference-aware receiver

Association of
UE to TP

Baseline: RSRP for intra-frequency

Transmission

scheme

Open-loop ranks 1 and 2 SU-MIMO with rank adaptation

Coordination
cluster size for

ideal backhaul

Depending on one dominant interferer on the UE receiver side
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Coordinated TP
measurement Size of one TP measurement, but semi-static
set size
Feedback Non-ideal CSI-RS/IMR channel/interference estimation
assumption # of CSI-RS ports = 2 for (M,N,P,Mg,Ng) = (1,1,2,1,1)
Traffic model Non full buffer FTP traffic model 1, S = 0.1Mbytes (optional) or 0.5Mbytes
Traffic load
(Resource 20%, 40%, 60%,
utilization)
RS modelling Realistic
Channel
Realistic
estimation
Overhead
Realistic
modelling
Handover
3dB
margin
Backhaul link
Oms
delay
Coordination
. Complexity of coordination / information exchange shall be taken into account
assumptions

5.1.1.1.3 Test Results

We compare three schemes; minimum mean squared error — interference rejection combining (MMSE-IRC),
interference-aware detection (IAD), and CIC. Table 5.1.1.1-2 provides our SLS results to show potentially
significant gains from CIC. In the Dense Urban scenario, as RU increases from 20 percent to 60 percent
approximately (see Table 5.1.1.1-3 for actual RUs), the cell edge gain of CIC over IAD also increases from 9.2
percent to 14.2 percent due to higher number of interferers that can be cancelled out in the CB level for higher
performance. As RU decreases from 60 percent to 20 percent, CIC provides the cell edge gain of 195.7 percent
over MMSE-IRC instead of 100.5 percent. These results show that CIC provides significant gains by managing
interfering signals in the CB level in interference-limited scenarios.
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Table 5.1.1.1-2 SLS performance gains of CIC with ranks 1 and 2 open-loop SU-MIMO with TP
transmitter antenna configuration (1,1,2,1,1) and 2 CSI-RS ports.

Average UE throughput (Mb/s)

5% UE throughput (Mb/s)

Arrival (gain over baseline) (gain over baseline)
Deploym.ent Rate =~ =
Scenario (RU)  MMSE-RC ACVia  MMSE-IRC - via
) IAD diagonal ) IAD diagonal
(baseline) transmission (baseline) transmission
0.5 19.90 20.21 4.40 461
13.74 2.65
(=20%) (44.8%) (47.0%) (66.0%) (73.7%)
urban 0.7 16.21 17.10 257 2.88
Macro 10.76 1.73
(ISD=500m) (=40%) (50.6%) (58.9%) (48.8%) (66.6%)
0.9 12.38 13.32 1.64 1.84
7.68 1.30
(=60%) (61.2%) (73.6%) (26.1%) (41.2%)
0.6 23.82 24.04 9.36 10.22
15.78 3.46
(=20%) (51.0%) (52.4%) (170.8%) (195.7%)
Dense 0.8 19.78 20.34 4.49 4.89
Urban 10.14 1.80
= (s} .U7% .07 4/ .07
(ISD=200m) (=40%) (95.0%) (100.6%) (149.4%) (171.6%)
1.0 15.67 16.81 2.36 2.69
7.69 1.34
(=60%) (103.8%) (118.6%) (75.5%) (100.5%)
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Table 5.1.1.1-3 Actual RUs of Table 5.1.1.1-2, where target RUs are for baseline.

Deployment AR Scheme RU
Scenario
MMSE-IRC 20.90%
0.5 IAD 13.35%
ciC 12.8%
MMSE-IRC 38.79%
Urban Macro
0.7 IAD 25.70%
(ISD=500m)
cic 23.75%
MMSE-IRC 61.19%
0.9 IAD 48.84%
cic 44.37%
MMSE-IRC 19.02%
0.6 IAD 10.03%
ciC 9.76%
MMSE-IRC 43.75%
Dense Urban
0.8 IAD 20.22%
(ISD=200m)
ciC 19.56%
MMSE-IRC 61.91%
1.0 IAD 37.04%
ciC 32.23%

5.1.1.1.4 Conclusion

Inter-cell interference management is an essential aspect of the 5G cellular systems in order to achieve high
system throughput. This subsection describes the transceiver designs of the CIC scheme to mitigate the adverse
effects of co-channel interference. SLS tests are provided to demonstrate the performance gains of the CIC
scheme over conventional interference-aware receivers, such as MMSE-IRC (widely used in industry) and IAD
(adopted as a NAICS receiver in 3GPP Release 12). The numerical results indicate that the CIC scheme can
become a basic building block for 5G and subsequent generation cellular systems for interference management.

5.1.1.1.5 References

[1] 3GPP TR 38.913 v0.3.0, Study on Scenarios and Requirements for Next Generation Access Technologies.
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6 APPENDIX
6.1 List of contribution and proponent
Document Title Company 3?‘2;::;?:;1
1 OFDM waveform with improved guard band Qualcomm, Vodafone Y
2 F-OFDM DT, TIM, Huawei Y
3 mmWave ITRI Y
4 Massive MIMO CMCC Y
5 mmWave CMCC Y
6 Sparse Code Multiple Access DT, TIM, Huawei N
7 Sparse Code Multiple Access with Grand free Vodafone, Huawei Grant free multiple access
8 NOMA-MCS Turkeell N
9 Polar coding Huawei for small block sizes
10 Self-contained subframes Qualcomm, Vodafone
11 Flexible Duplex LG Electronics Y
12 Full Duplex LTE Base Stations, Half Duplex TDD Clients TIM, Kumu Y
13 Layer 2 Protocol Design Proposal LG Electronics Y
14 QoS Support Proposal LG Electronics Y
15 Network MIMO ITRI Y
16 | functional split between central and distributed unit in RAN Orange, SKT, TIM Y
17 EPS-5GS Interworking Samsung, KT Y
18 Coordinated Interference Cancellation Samsung Y
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