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1 Introduction to 5G simulation with NetSim

NetSim 5G NR library allows for end-to-end simulation of all layers of the protocol stack as well
as applications running over the networkl. The 5G devices available in NetSim are the 5G core
devices: (i) AMF, (ii) SMF, (iii) UPF, and RAN devices: (i) gNBs (ii) UEs. Simulation is discrete
event and done at a packet level abstraction. This 5G library is designed to connect to the base
component of NetSim (and in turn to other components), which provides functionalities such as
the TCP/IP Network Stack, Routing algorithms, Mobility, Output Metrics, Traces etc. Net Si mo s
protocol source C code shipped along with (standard / pro versions) is modular and customizable

to help researchers to design and test their own 5G protocols.

NetSim 5G NR Design Window

[ 56-MR_SA. Workspace Mame: Vasshnavil, Experienent Name: 56
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. - _/
Event Trace — o e Reser Plot J,
Log Files —7 ' Color Picker =
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1 For an introduction to 5G see Chapter 3
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Figure 1-1: Ne t S i5&RRsdesign window, the results dashboard and the plots window

2 Simulation GUI

2.1 Create Scenario

Open NetSimandclick New Si mul at i aashown FgGre MR

(] Netsim Home

@ LT/ TEA

Based on 3GPP 36 series standards. LTEATE-A
ntertaces wih Internetworks brary

@ Advanced Routing

Features VLAN, Multicest Routing: IGMP end PIM,
13 Switch, ACL and NAT. Access these features  within the properties of all 13 devices. SON
within the propertis of Suitches and Routers

B Software Defined Networks

Kn Network Emuiator 0 Advanced 3G
Based on Openflow protoccl Access this feature  Connect realsystems running bve applications to  Features advanced SG festures including DL and

NetSim, Interfaces with oll components except

UL Interference, Biock errar rate (BLER) and Outer
interfaces with sll components except C2 and (2 Access this festure inside Applcation  loop lnk sdeptation (OLLA). Access these
License Settings available in C1 i properties. features within the 5G NR and LTE components.
Eat anie BRI

mmmmmmm @ licensed @ Ucensed

Figure 2-1: NetSim Home Screen

5G NR comes with a palette of various devices like Wired & Wireless Nodes, L2 Switch & Access
Point, AMF (Access and Mobility Management Function), UPF (User Plane Function), SMF
(Session Management Function) & Router, gNB (Equivalent of eNB in LTE), UE (User

Equipment), and Building. Devices are connected using 3GPP defined interfaces; O-RAN defined
interfaces are not available
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2.2 NetSim 5G Network Setup

] NetSim Home
NetSim Professional

Network Simulation/Emulation Platform
Version 14.0.24 (64 Bit)

Choose a Network

| New Simulation co-N | gm sa @il NSA Option 4

Vour Work 0 Features NSA Option 4 architectur e

Examples
censed @ Licensed @ Licensed

Experiments

Email - sales@tetcos.com
Phone - +91 767 605 4321
Website

Figure 2-2: NetSim 5G Network Setup window
2.2.1 Deployment Architecture

The deployment options have been grouped into 2 categories. Standalone (SA) option where
there is only one independent access network (LTE or 5G NR) that is connected to either the EPC
or the 5G Core and the Non-Standalone (NSA) options where both LTE and 5G NR radio access
technologies are present, where one of the access networks assist the other in connecting to
either an EPC or a 5GC.

Stand Alone: In 5G Stand-alone mode of operation in NetSim, the network can be created using
the 5G Core devices which includes a single AMF, SMF and UPF to which the gNB can be
connected via Layer 2 Switches. The RAN part consists of gNBs and UEs and the UEs can handle
both Uplink and Downlink data transfer to and from the Data Network (DN) via the UPF.

Non-Stand Alone: In the Non-Stand-alone mode of operation in NetSim, the users can design

the network scenario using different deployment options.

The NSA modes in NetSi m 6 snodul&includes:

1. Option 4 where only 5G Core devices are presen
categorized into:
a. Opti o@®nldy gNB connects to al/l the 5G Core int
interface.
b. Opti omg NBaoonnects to all 5G Core interfaces and

t hrough

© TETCOS LLP. All rights reserved
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2. Option 7 where only 5G Core devices are presen
categorized into:
a. Opti oenNBr:connects to allB5&oRConeet snobelry acest heg

b. Opti omgNBa.connects to AMF and UPF through the
connects to all t.he 5G Core interfaces

2.2.2 Device Placement

NetSim places the 5G core devices (AMF, SMF, UPF and Switches) / LTE EPC by default on to
the grid.

A Only one 5G Core and/or LTE EPC is currently supported.

A Users cannot remove 5G Core devices and/or LTE EPC, or their interconnecting links.

A User may move these devices in the grid.

A Users can drop gNBs/eNBs which get automatically connected to 5G Core. If a gNB/eNB

is removed, the connected links to the core switches are automatically removed.
A Users can drop UEs and must connect them to gNBs/eNBs via links.

A Users can drop Routers and connect them to the UPF/EPC for connectivity to the data-
network (DN).

A IP addressing is automatically set by NetSim. It is recommended not to change the default

IP addresses.
2.2.3 NSA Deployment Device Connectivity

The device connectivity rules are explained below. Example screen shots are available in the

section 3.16.
2.2.3.1 Option 4/ 4a

A UE should mandatorily be connected to the master node (MN) first. In option 4, the MN is
gNB

A UE should mandatorily be connected to the secondary node (SN) next. In option 4, the SN
is the eNB

A UE cannot be connected to any other device.

A The data (external) network connects to the 5G core through the UPF. This is achieved by

first connecting a router (let& call it R1) to the UPF.

A Switches, nodes, APs and other routers can now be connected to R1

© TETCOS LLP. All rights reserved Page 10 of 234
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A Connectivity rules for the devices within the data network is per the Internetwork library

document.
2.2.3.2 Option 7/ 7a

A UE should mandatorily be connected to the master node (MN) first. In option 7, the MN is
eNB

A UE should mandatorily be connected to the secondary node (SN) next. In option 7, the SN
is the gNB

A UE cannot be connected to any other device.

A The data (external) network connects to the 5G core through the UPF. This is achieved by
first connecting a router (let& call it R1) to the UPF.

A Switches, nodes, APs and other routers can now be connected to R1.

A Connectivity rules for the devices within the data network is per the Internetwork library

document.
2.2.4 Grid Settings

A NetSim allows users to design the network on a square grid. The major and minor grid lines

are displayed; major grid line valuesalong XandYco-or di nat e i s displayed.

X, Y co-ordinate is determined by its location on the grid.

A Users can choose the grid size prior to placement of the first device. The grid size cannot

be changed after the first device has been placed on the grid.

A The grid length can be in the range of 10m to 1,000,000m.
2.3 Devices Specific to NetSim 5G NR Library

A UE: User Equipment.

o Each UE has a single LTE NR interface with an infinite buffer. It can connect to a gNB
(Base Station or BS) in both FR1 (* -Wave) and FR2 (mm-Wave) bands.

0 A UE can be stationary or mobile.

o The UEG6s |l ocation i s -ordinate onnthe griel dr bybity (Lat, tos)

when using a map background.

A gNB: This represents a base station (BS) with all the components i.e., antennas, radio,
baseband, and the protocol stack. NetSim currently does not allow for the gNB to be split
into RU, DU and CU.

© TETCOS LLP. All rights reserved Page 11 of 234
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o NetSim supports 3 types of gNBs (i) Macro Cell gNB Omni Antenna (ii) Macro Cell gNB
Sector Antenna and (i) Small Cell gNB Omni Antenna. The macro cell gNBs by default
have a transmit power setting of 40 dBm and operate in the FR1 3.5 GHz n78 band.
The small cell gNBs have a transmit power setting of 30 dBm and operate in the FR2
28 GHz 261 band. Macro cell gNBs can be equipped with either omni-directional or

sector antennas, and they are named based on their respective types.
o Ithas a 5G RAN interface for wireless connectivity to UESs.

0 A gNB can be configurated as a * -Wave (FR1, sub 6GHz) or a mm-Wave (FR2) BS by

appropriately selecting the frequency of operation.
o Ithas a 5G_N3 interface for wired connectivity to UPF through an L2_Switch,
o Ithas a5G_N1_N2 interface for wired connectivity to AMF through an L2_Switch, and

o It has a 5G_XN interface for wired connectivity between the gNBs through an
L2_Switch.

o Every gNB has an infinite buffer.

A UPF (User Plane Function): User Plane Function has 5G_N4 interface for wired
connectivity to SMF, 5G_N3 interface for wired connectivity to gNB through L2_Switch,
and 5G_NG6 interface for wired connectivity to router in NG core which in turn can connect
to Switches, APs, Servers etc

A SMF (Session Management Function): Session Management Function has 5G_N11

interface for wired connectivity to AMF and 5G_N4 interface for wired connectivity to UPF.

A AMF (Access and Mobility Management Function): Access and Mobility Management
Function has 5G_N11 interface for wired connectivity to SMF and 5G_N1_N2 interface for
wired connectivitytog NB6s t hrough L2_Switch.

A Building: Users can place gNBs, UEs inside buildings to simulate indoor RF propagation

effects.

@ Macro cell gNB Omni Ant. <) Macro cell gNB Sector Ant. l;] Wired Node C\ = Core Devices ¥

% | Small cell gNE Omni Ant. (3%) Router ° [ Wi-Fi Device v

Base Station UE Data Network Wired/Wireless Links 2] L2 Switch
Figure 2-3: 5G NR Device Palette in GUI
2.4 GUI Parameters in 5G NR

The 5G NR parameters can be accessed by right clicking on a gNB or UE and selecting Interface
Wireless (5G RAN) Properties A Datalink and Physical Layers.
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gNB Properties
Interface (5G RAN) i Datalink Layer

Local
. Local

Scheduling Type

Local
EWMA Averaging Rate Local
UE Measurement Report

Local
Interval
RRC MIB Period (ms) Local
RRC SIB Period (ms) Local
PDCP Header

Local

Compression

PDCP Discard Delay Timer Local

© TETCOS LLP. All rights reserved

Round Robin

Proportional Fair

Max Throughput

1.001 to 10000

120 ms - 40960 ms

80

160

True / False

50/150/300/500/750/
1500

This is usually done to load balance
and share system in circular order,
handling all processes without
priority
It is based upon maintaining a
balance by trying to maximize total
throughput while at the same time
allowing all users at least a minimal
level of service.
Maximum throughput scheduling is
a procedure to maximize the total
throughput of the network by giving
scheduling priority to the least
"expensive" data flows.
E WMA Averaging
determines how important the
current observation is in the
calculation of the EWMA. A lower
alpha discounts older data faster
thereby placing greater relevance
on your more current data.
Owd 00 p pA
Z'0wd 00 p
pA zi 0
™ pA P8
Default value is 50.
It is a time interval between UE
Measurement Report
The UE needs to first decode MIB
for it to receive other system
information. MIB is transmitted on
the DL-SCH (logical channel:
BCCH) with a periodicity of 80 ms
and variable transmission repetition
periodicity within 80 ms.
MIB packets can be seen in the
NetSim  packet trace  post
simulation under Control Packet
type
SIB1 also contains radio resource
configuration information that is
common for all UEs. SIB1 is
transmitted on the DL-SCH (logical
channel: BCCH) with a periodicity
of 160 ms and \variable
transmission repetition periodicity
within 160 ms. SIBL is cell-specific.
SIB1 packets can be seen in the
NetSim  packet trace  post
simulation under Control Packet
type.
Header compression of IP data
flows using the ROHC protocol,
Compresses all the static and
dynamic fields.
The discard Timer expires for a
PDCP SDU, or the successful

Page 13 of 234



PDCP Out of Order
Delivery

PDCP T Reordering Timer

RLC T Status Prohibit

RLC T Reassembly

RLC T Poll Retransmit

RLC Poll Byte

RLC Poll PDU

RLC Max Retx Threshold

HARQ Mode
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Local

Local

Local

Local

Local

Local

Local

Local

Local

True / False

0-500ms

0-2400ms

0-200ms

5-4000ms

1kB-40mB

p4-p65536
(In multiples of 8)

t1, t2, t3, t4, t6, t8,
t16, t32

TRUE, FALSE
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delivery of a PDCP SDU s
confirmed by PDCP status report,
the transmitting PDCP entity shall
discard the PDCP SDU along with
the corresponding PDCP Data
PDU.

Complete PDCP PDUs can be
delivered out-of-order from RLC to
PDCP. RLC delivers PDCP PDUs
to PDCP after the PDU
reassembling. It can be enables or
disabled by setting the value
ATRUEO or AFALSE
This timer is used by the receiving
side of an AM RLC entity and
receiving AM RLC entity in order to
detect loss of RLC PDUs at lower
layer. Unit=ms. PDCP reordering is
always enabled if in sequence
delivery to layers above PDCP is
needed. Reordering Timer should
be in between 0 to 500 msec.

This timer is used by the receiving
side of an AM RLC entity in order to
prohibit transmission of a STATUS
PDU. Unit=ms.

This timer is used by the receiving
side of an AM RLC entity and
receiving UM RLC entity in order to
detect loss of RLC PDUs at lower
layer. If t-Reassembly is running, t-
Reassembly shall not be started
additionally, i.e. only one t-
Reassembly per RLC entity is
running at a given time. Unit=ms.
This is used by the transmitting side
of an AM RLC entity in order to
retransmit a poll.

This parameter is used by the
transmitting side of each AM RLC
entity to trigger a poll for every
pollByte bytes.

This parameter is used by the
transmitting side of each AM RLC
entity to trigger a poll for every
pollPDU PDUs.

This parameter is used by the
transmitting side of each AM RLC
entity to limit the number of
retransmissions of an AMD PDU.
Hybrid automatic repeat request
(hybrid ARQ or HARQ) is a
combination of re
transmissions and error correction.
The HARQ protocol runs in the
MAC and PHY

layers. In the 5G PHY, a code block
group (CBG) is transmitted over the
air by the transmitter to the
receiver. If the CBG is successfully
received the receiver sends back
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an ACK, else if the CBG is received
in error the receiver sends back a
NACK (negative ACK).If the
transmitter receives an ACK, it
sends the next CBG. However, if
the transmitter receives a NACK, it
re transmits the previously
transmitted CBG.

Large number packet errors can be
observed in packet trace if HARQ is
turned OFF.

A HARQ entity is defined for each
gNB-UE pair, separately for Uplink
and Downlink and

for each component carrier. The
HARQ entity handles the HARQ
processes.

Max number of HARQ processes is
8in 4G

Max number of HARQ processes is
16 in 5G

Each Transport block is split into
Code blocks (CBs) and CBs are
grouped into Code Block Groups
(CBGsS).

A Code Block group can have up to
2/4/6/8 CBs.

HARQ Retry Limit specifies the
number of retransmissions
HARQ Retry Limit Local 0-4s attempts that will be made
whenever a Code Block fails due to
error.

The handover process in NetSim is
based on event A3 i.e., the target
signal strength is offset (3 dB)
higher than the source signal
strength. Handover interruption
time (HIT) is added at the time of
handover command is delivered to
the UE. During this time there is no
data plane traffic flow to the UE
from the source/target.

Handover interruption time can be
varied from O to 500ms.

The handover Margin is the offset
in dB that is used as part of the
event A3 handover process in
NetSim. Handover is triggered
Handover Margin Global 0-10dB when the target signal strength is
offset higher than the source signal
strength.

Range for Handover margin is from
0.0 to 10.0 with 3.0 as default

With Time-to-Trigger, the handover
is initiated only if the triggering
requirement is fulfilled for a time
interval specified by Time-to-
Trigger (ms). This parameter can
decrease the number of
unnecessary  handovers  and
effectively avoid Ping-Pong effects.

MAX HARQ process count Local 2,4,6,10,12,16

Max CBG per TB Local 2,4,6,8

Handover Interruption time = Global 0-500ms

Time to Trigger Global 0-5120ms
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3GPP defines 16 valid values for
time-to-trigger (all in milliseconds):
0, 40, 64, 80, 100, 128, 160, 256,
320, 480, 512, 640, 1024, 1280,
2560, and 5120.

Users can enter any value between
0 to 5120 in milliseconds.

NOTE: For detailed information on RLC, please refer RLC (Based on specification 38.322)

Protocol

3GPP series

Frame Duration
(ms)

Sub Frame
Duration (ms)

Subcarrier Number
Per PRB

gNB Height (m)

TX Power (dBm)

Duplex Mode

Fixed

Fixed

Fixed

Fixed

Fixed

Local

Local

Local

© TETCOS LLP. All rights reserved

Interface (5G_RAN) i Physical Layer

10ms

Ims

12

1-150m

-40dBm to 50dBm

TDD
FDD

LTE NR (New Radio) is the 5G radio access
technology. LTE-NR has the RLC and
PDCP layers similar to LTE and has
introduced a new layer named as SDAP
(Service Data Adaptation Protocol). The
frequency band for LTE NR is separated into
two different frequency ranges: Frequency
Range 1 (FR1) which includes sub-6 GHz,
bands, and Frequency Range 2 (FR2) which
includes mmWave bands.

NetSim 5G library is based on the 3GPP
38.xxx series. Some features in NetSim are
per Rel 16 and some others are per Rel 17.
The length of the frame in milliseconds. The
FRAMEDURATION is a non-editable
parameter whose value is fixed at 10 ms.
The length of the frame in milliseconds. The
SUBFRAMEDURATION is a non-editable
parameter whose value is fixed at 1 ms.
The number of Subcarriers per PRB is a
non-editable parameter whose value is fixed
at12.

Height of the base station (gNB) in meters.
NetSim implements the 3GPP propagation
models in which the Indoor gNB (placed
within a building) range is 1 to 10 meters,
while the Outdoor gNB range is 1 to 150
meters. NetSim only enforces the upper limit
of 150m for both indoor and outdoor gNBs.
In NetSim the Tx power range is -40dBm to
50dBm. The default value for Tx power is
23dBm for UEs and 40dBm for gNBs. When
running in MIMO mode the transmit power is
split equally amongst all the MIMO layers.
The number of MIMO layers is Min (Nt, Nr).
Time Division Duplexing: Downlink (DL) and
uplink (DL) transmissions are on the same
frequency band but separated in time.
Depending on the DL:UL ratio, slots are
allocated for DL/UL transmissions.
Frequency Division Duplexing: There are
different frequency bands for UL and for DL.
Hence UL and DL transmissions can occur
simultaneously.

NetSim supports both FDD and TDD bands
and various CA configurations and
Operating bands, for TDD and FDD, in FR1
and FR2 are available.
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INTER_BAND_CA
INTRA_BAND_CO
NTIGUOUS_CA
INTRA_BAND_NO
NCONTIGUOUS_C
A

SINGLE_BAND
CUSTOM_BAND

CA Type Local

Depends on CA

CA Configuration Local
Type

Depends on CA

CA Count Fixed
Type

Ver 14.0

In Carrier aggregation (CA) multiple
component carriers (CCs) are combined to
usually increase the bandwidth, and thereby
increase the bit rate. CA combinations are
divided into intra-band (contiguous and non-
contiguous) and inter-band.

Intra-band contiguous CA configuration
refers to contiguous carriers aggregated in
the same operating band.

Intra-band non-contiguous CA configuration
refers to non-contiguous carriers aggregated
in the same operating band.

Inter-band CA configuration refers to the
aggregation of component carriers in
different operating bands, where the carriers
aggregated in each band can be contiguous
or non-contiguous.

The single band drop-down options are per
TS 38.101-1 for FR1 and 38.101-2 for FR2
The drop shows the frequency band options
for the user to choose from.

This is a non-editable parameter that shows
the number of component carriers based on
the CA configuration. CA count would be 1
for Single Band configuration and will be
greater than or equal to 2 for carrier
aggregation.

NOTE: For detailed information to Frequency Range (FR1 & FR2), Please, refer PHY Layer

Mixed,
Slot Type Local Downlink,

Uplink,
Frequency Range Local FR1 & FR2

© TETCOS LLP. All rights reserved

Slot type can be Mixed, Uplink, or Downlink.
Mixed: In Mixed slot type, there will be both
downlink and uplink slots allocated. The
DL:UL ratio will determine how many slots
are to be allocated for downlink and for
uplink. The default value of the DL:UL ratio
is 1:1 which can be then changed by the
user. The setting is of the format x: y where
x and y are integers.

Uplink: In uplink slot type, there are only
uplink slots, and the DL:UL ratio will be fixed
by NetSim as 0:1. Note that uplink
applications running TCP protocol will
experience zero throughputs since there will
be no downlink slots available for ACK
transmissions

Downlink: In downlink slot type, there are
only downlink slots and the DL:UL ratio will
be fixed by NetSim as 1:0. Note that
downlink applications running TCP protocol
will experience zero throughputs since there
will be no uplink slots available for ACK
transmissions

The frequency bands for 5G NR is separated
into two frequency ranges. First, is
Frequency Range 1 (FR1) which includes
sub-6 GHz, frequency bands. The other is
Frequency Range 2 (FR2) which includes
frequency bands in the mmWave range.
FR1: 410 MHz i 7125 MHz

FR2-1: 24250 MHz i 52600 MHz

FR2-2: 52600 MHz i 71000 MHz

NetSim supports both FR1 and FR2.
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DL/UL Ratio

Operating Band

F Low (MHz)

F High (MHz)

Numerology

Channel Bandwidth

(MHz)

PRB Count

Guard Band (KHz)

Local

Fixed

Fixed

Fixed

Local

Local

Local

Local

© TETCOS LLP. All rights reserved

a:b

n34, n38, n39, n40,
n41, n50, n51, n77,
n78, n79, n257,
n258, n259, n260,
n261, n262, n263

2010-4400 MHz

2025-5000 MHz

n=0,1,2,3, 4,5,
6

5-2000 MHz

242.5 - 147040 kHz

Ver 14.0

This is a non-editable parameter shown by
NetSim based on the CA configuration
chosen by the user.

Represents the ratio in which slots are
assigned to downlink and uplink
transmissions. The value is in the form of
a:b::DL:UL. Note that the ratio 1:0 or 0:1
might lead to NIL data transmissions since
the initial attachment procedures require
both- UL and DL control packet
transmissions.

The operating band whose numbering is
defined by 3GPP. This is a non-editable
parameter (except for custom band) that is
shown by NetSim based on the CA
configuration chosen by the user.

The lowest frequency of the Uplink/Downlink
operating band. This is a non-editable
parameter (except for custom band) shown
by NetSim based on the CA configuration
chosen by the user

The highest frequency of the
Uplink/Downlink operating band. This is a
non-editable parameter  shown by
NetSim based on the CA configuration
chosen by the user

Sub carrier spacing is derived from
numerology per the expression Y'Q ¢

p Qd

Thus,

Numerology = 0 means subcarrier spacing
15 kHz

Numerology = 1 means subcarrier spacing
30 kHz

Numerology = 2 means subcarrier spacing
60 kHz

Numerology = 3 means subcarrier spacing
120 kHz

Numerology = 4 means subcarrier spacing
240 kHz

Numerology = 5 means subcarrier spacing
480 kHz

Numerology = 6 means subcarrier spacing
960 kHz

The bandwidth can vary from 5 MHz to 100
MHz for TDD bands in FR1 frequency range
and 50 MHz to 2000 MHz for TDD bands in
FR2 frequency range. The bandwidth is
5MHz to 40 MHz in case of FDD bands.
Unit is MHz

PRB stands for physical resource block. The
PRB count is dependent on Channel
Bandwidth and automatically determined by
NetSim. It cannot be edited in the GUI.
Guard band is the unused part of the radio
spectrum between radio bands, for the
purpose of preventing interference.

The minimum guard bands are calculated
using the following equation:

(6 & ¢ & dpor TR0

0 'YOO'YO O ¢Tg  "YOTyEY: @iQ 0
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Subcarrier Spacing @ Local 15 - 960 kHz

Bandwidth PRB Local 180 - 11520 kHz

10, 20, 40, 80, 160,

Slot per Frame Local 320, 640

1,2,4,8,16, 32,
Slot per Subframe Local 64

© TETCOS LLP. All rights reserved

Ver 14.0

In 5G NR, subcarrier spacing of 15, 30, 60,
120, 240,480,960 KHz are supported.
Subcarrier spacing p QO6A T
Subcarrier spacing o TQ'O6A p
Subcarrier spacing @ Q'00A ¢
Subcarrier spacing p ¢ @O0A o
Subcarrier spacing ¢ T @O0A T
Subcarrier spacing T Y@O0A U
Subcarrier spacing w @ @O0A ¢ 8

The PRB bandwidth is dependent on
numerol ogy (&) a¥m®
’F’Q:m

Bandwidth p yRO& ™

Bandwidth o @ ROd p

Bandwidth x ¢ ROd ¢

Bandwidth p T TQIOd o

Bandwidth ¢ @ JQiOd 1

Bandwidth v X @QfOd v

Bandwidth p p v QD& @

This represents the number of slots in a
frame and is a non-editable parameter.
NetSim determines the slots per frame,
based on the selected numerology, in the
following way

When &= 0, a subfran
and frame has 10 slots.

When €= 1, Ilaas 2dots,fandaan
radio frame has 20 slots.

When ¢= 2, In this ¢
has 4 slots in it, it means a radio frame
contains 40 slots in it.

When ¢= 3, In this ¢
has 8 slots in it, it means a radio frame
contains 80 slots in it.

When ¢= 4, In this ¢
has 16 slots in it, it means a radio frame
contains 160 slots in it.

When &= 5, In this ¢
has 32 slots in it, it means a radio frame
contains 320 slots in it.

When ¢ = Ithis configuration, a subframe
has 64 slots in it, it means a radio frame
contains 640 slots in it.

This represents the number of slots in a sub-
frame and is a non-editable parameter.
NetSim determines the slots per sub-frame,
based on the selected numerology, in the
following way

When €= 0, a subfram
When = 1, a subfram
When e= 2, I n this ¢

has 4 slots in it.
When ¢ = ZIqgnfigurationt ahsubfame
has 8 slots in it.

When = 4, I n this ¢
has 16 slots in it.
When €= 5, I n this ¢

has 32 slots in it.
Wh e n ¢ =thisconfiguration, a subframe
has 64 slots in it.
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Slot Duration (H W

Cyclic Prefix

Symbol per Slot

Overhead (%) per
DL slot

Overhead (%) per
UL slot

Symbol Duration

HYy

BWP

Local

Local

1000, 500, 250,
125, 62.5, 31.25,
1563¢ s

Normal

Ver 14.0

Slot duration is a non-editable parameter
that depends on numerology selected.

e= 0, Sl ot Dur ati on
e= 1, Sl ot Dur ati on
e= 2, Sl ot Dur ati on
e=,3Sl ot Duration =
€= 4, S| ote2Paug at i on
€= b5, Sl ot Dur ati on

€ =, Sot Duration =15.63 ¢ s

If the cyclic prefix is set to "normal” then the
number of symbols per slot is 14, if it is set
to "extended" then the number of symbols
per slot is 12. All carriers have the "normal"
option while only certain carriers have the
"extended" option.

NOTE: Cyclic Prefix is Extended only for few CA types.

Local

Local

Local

Local

Local

© TETCOS LLP. All rights reserved

12, 14

0.01-0.99

0.01-0.99

71.43, 35.71,
17.86, 8.93, 4.47,
2.23,1.12

Disable

Symbol Per Slot is dependent on Cyclic
prefix.

If cyclic prefix is set to "Normal" then Symbol
Per Slot = 14

If cyclic prefix is set to "Extended" then
Symbol Per Slot =12

This represents the fraction of symbols in a
slot used for control signalling. The
remaining fraction is used for data
transmission. In NetSim calculations are
done over aggregated PRBs per the formula
given below:

Data PRB available = Total PRB available -
Ceil(Total PRB availablexOverhead
Fraction)

DL Fraction range 0.01 to 0.99

Default: 0.14 for FR1, 0.18 for FR2

In 4G Network the default value is 0.25 for
both FR1 and FR2.

This represents the fraction of symbols in a
slot used for control signalling. The
remaining fraction is used for data
transmission. In NetSim calculations are
done over aggregated PRBs per the formula
given below:

Data PRB available = Total PRB available -
Ceil(Total PRB available * Overhead
Fraction)

UL Fraction range 0.01 to 0.99

Default: 0.08 for FR1, 0.10 for FR2

In 4G Network the default value is 0.25 for
both FR1 and FR2.

Symbol duration is a non editable paramater
that depends the numerology selected

When 1, symbol duraton=x @ d i
When p, symbol duraton o & @ i
When * chsymbol duration p @ ¢ i
When o, symbol duration  y@od i
When T, symbol duration t8& X i
When * v, symbol duration ¢& J i
When o, symbol duration p&® ¢ i

A Bandwidth Part (BWP) is a contiguous set
of physical resource blocks (PRBs) on a
given carrier. These PRBs are selected from

Page 20 of 234



ANTENNA
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a contiguous subset of the common
resource blocks for given numerology (u).
This parameter is currently reserved for
future use. It therefore currently always set
as disabled.

1,2,4,8,16, 32,
TX Antenna Local 64, 128 in gNB
Count (1,2,4,8,161in
UE)
1,2,4,8,16, 32,
RX Antenna Local 64, 128 in gNB
Count (1,2,4,8,16in
UE)
Antenna Type Fixed
Boresight Angle  Local 0-360J
PDSCH CONFIG
QAM®64,
MCS Table Local QAM256,
QAM64LOWSE
XOHO,
XOHS,
X Overhead Local XOH12,
XOH18

The number of transmit antennas. This
parameter taken effect during MIMO operation;
the number of MIMO layers would be Min
(0 & 1), where G dis the transmit antenna count
at the transmitter and Nr is the receive antenna
count at the receiver. The layer wise gains
depends on the fading model chosen and is
explained in the 5G NR manual, digital
beamforming section.

The number of receive antennas. This
parameter taken effect during MIMO operation;
the number of MIMO layers would be Min
(6 &0 1), where ) dis the transmit antenna count
at the transmitter and Nr is the receive antenna
count at the receiver. The layer wise gains
depends on the fading model chosen and is
explained in the 5G NR manual, digital
beamforming section.

NetSim supports two types of Antenna,
Omnidirectional and Sector Antennas.

NetSim implements a 2D parabolic sector
antenna as per 3GPP TR 37.840. The boresight
angle denotes the direction of maximum gain,
or the highest radiated power. The angle is
defined to start at O from the positive X-axis. If
positive Y points downward, the angle
increases on clockwise rotation from the
positive X-axis. If positive Y points upward, the
angle increases in an anti-clockwise direction
from the positive X-axis. The units for the
boresight angle are in degrees.

MCS Table stands for modulation and coding
scheme Table. The selection options are
QAM64, QAM 256, and QAM64LOWSE.

We recommend users set the same MCS table
for PDSCH and PUSCH. The appropriate CQI
table setting would be as follows:

For QAM64 - Tablel

For QAM256 - Table 2

For QAM64LOWSE - Table 3

Accounts for overhead from CSI-RS,
CORESET, etc. If the xOverhead in PDSCH-
ServingCellconfig is not configured (a value
from 0, 6, 12, or 18), O the is set to 0.

PUSCH CONFIG

QAMG4,
QAM2586,
QAMB4LOWSE

MCS Table Local

© TETCOS LLP. All rights reserved

MCS Table stands for modulation and coding
scheme Table. The selection options are
QAM64, QAM 256, and QAM64LOWSE.

We recommend users set the same MCS table
for PDSCH and PUSCH. The appropriate CQI
table setting would be as follows:

For QAM64 - Tablel
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Transform
Precoding

Local

Enable/Disable

Ver 14.0

For QAM256 - Table 2

For QAM64LOWSE - Table 3

Transform Precoding is the first step to create
DFT-s-OFDM waveform. Transform Precoding
is to spread UL data in a special way to reduce
PAPR (Peak-to-Average Power Ratio) of the
waveform. In terms of mathematics, Transform
Precoding is just a form of DFT(Digital Fourier
Transform).

CSIREPORT CONFIG

CQIl Table

CHANNEL MODEL

Pathloss Model

Outdoor
Scenario

Building Height
(m)

Street Width (m)

Indoor Scenario

Indoor Office
Type

© TETCOS LLP. All rights reserved

Local

Local

Local

Local

Local

Fixed

Local

Tablel,
Table2,
Table3

3GPPTR38.901-

7.4.1

LOG DISTANCE

NONE

Rural Macro
(RMa)
Urban Macro
(UMa)
Urban Micro
(UMi)

5-50m

5-50m

Indoor Office

Mixed-Office
Open-Office

The CQI indices and their interpretations are
chosen from Table 1 or Table 3 for reporting
CQl based on QPSK, 16QAM, and 64QAM. The
CQl indices and their interpretations are chosen
from Table 2 for reporting CQI based on QPSK,
16QAM, 64QAM and 256QAM.

This is based on 3GPP Table 5.2.2.1-2, Table
1, Table 2 and Table 3.

Users must set the MCS and CQI tables in the
following combination

QAM64: CQI Table 1

QAM 256: CQI Table 2

QAM 64 LOWSE: CQI Table 3

NetSim computes signal attentuation per the
mean pathloss model. The options currently
available at None, 3GPP based and Log
distance.

There are three types of outdoor scenarios
possible namely: Rural Macro, Urban Macro,
and Urban Micro, as defined in
the 3GPPTR38.900 standard. The propagation
characteristics of these scenarios are provided
in the 5G NR Technology library manual,
section Propagation Models.

Height of building in meters. Range is 5m to
50m.

The building height can be varied in scenarios
where UEs are placed inside the building and
where the pathloss and other parameters are to
be evaluated.

The impact of building height can be seen in
outdoor scenarios per formulas provided in the
5G NR Technology library manual, section
Propagation Models (Per 3GPPTR38.900
Channel Model)

Width of the street in meters. Range is 5 to 50
meters.

The impact of street width can be seen in
outdoor scenarios and will per formulas
provided in the 5G NR Technology library
manual, section Propagation Models (Per
3GPPTR38.900 Channel Model)

This is a scenario where gNB and UE are within
an indoor building

There are two types of Indoor Office (InH):
Mixed-Office, and Open-Office. An indoor
scenarios is defined as one where we have both
gNBs and UEs present within a building. Path-
loss is higher than an Open-Office scenario.
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LOS/NLOS
Selection

LOS Probability

Shadow Fading
Model

Fading and
Beamforming

O2I Building
Penetration
Model

Additional Loss
Model

Path Loss
Exponent (L)
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Fixed

Local

Local

Local

Local

Local

Local

3GPPTR38.901-
Table 7.4.2-1
USER_DEFINED

Otol

NONE
3GPPTR38.901

NO_FADING_MIM
O_UNIT_GAIN,
NO_FADING_MIM
O_ARRAY_GAIN,
RAYLEIGH_WITH_
EIGEN_BEAMFOR
MING

None,
Low Loss Model,
High Loss Model,

NONE,
MATLAB

2t05

Ver 14.0

3GPPTR38.901-Table7.4.2-1

The LOS mode, either Line-of-sight or Non-
Line-of-sight is based on LOS probability
calculated per the TR 38 901_Standard
Table7.4.2-1

User Defined

LOS probability is not per standard but is based
on user input. NetSim will determine whether a
device is in line-of-sight or non-line-of-sight
based on the LOS probability value set by the
user.

LOS Probability defines the LOS mode. If LOS
Probability=1, the LOS mode is set to Line-of-
Sight explicitly and if the LOS Probability=0, the
LOS mode is set to Non-Line-of-Sight explicitly.
For, any value between 0-1 LOS mode is set
per the given probability, by tossing a biased
coin.

Models for signal attenuation due to shadowing.
3GPPTR38.901: 3GPPTR38.901 model is
suitable for a scenario with mobility and
obstructions within the propagation
environment. In this model, the shadowing
value follows a log-normal distribution with a
user specified standard deviation. In general,
this value should be in the range of 5 to 12 dB
depending on the density of obstructions within
the propagation environment.

None: To disable the Shadow fading Model.
RAYLEIGH WITH EIGEN BEAMFORMING:
When fading and beamforming is enabled,
NetSim uses the rich scattering in the channel
to form spatial channels. The number of spatial
channels is equal to the number of layers (in
turn equal to Min (0 &) i)). The beamforming
gains in the spatial channel is equal to the eigen
values of the channel covariance (wishart)
matrix.

NO FADING: To disable the fading and
beamforming.

A model for signal attenuation due to Path-loss
combined with fading, shadowing and 02I loss.
The 02 loss is the Outdoor-to-Indoor
penetration loss where the signal attenuates
when it penetrates through structures like
concrete wall, glass, wood etc.

Low-loss model is applicable to RMa.

High-loss model is applicable to UMa and UMi.
None to disable the O2I loss..

Additional loss model can be set to NONE or
MATLAB. If set to MATLAB then MATLAB will
be automatically called by NetSim during
execution.

Note: NetSim Academic version does not
support MATLAB.

Path loss exponent indicates the rate at which
the path loss increases with distance. The value
depends on the specific propagation
environment.

Set any value between 2 to 5.
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Reference

Distance dO (m) Loz
Shadowing
Model Local
Standard

Local

Deviation (dB)

INTERFERENCE MODEL

Downlink
Interference
Model

Global

Uplink
Interference
Model

Global

0T value (dB) Global

1-10m

NONE,
Log Normal

5to 12 dB

NO_INTERFEREN
CE,
GRADED_DISTAN
CE_BASED_WYN
ER_MODEL,
EXACT_GEOMET
RIC_MODEL

NO_INTERFEREN
CE,
INTERFERNEC_O
VER_THERMAL

0to 20

Ver 14.0

00 00 pTT— aé Séz

PL: is the path loss at the reference distance dO.
Unit: Decibel (dB)

d : is the distance between the transmitter and
the receiver

‘Q: is the reference distance defined in the
standard.

See propagation-model.pdf  for
information

—: is the path loss exponent
Constant: A shadowing model is used to
represent the signal attenuation caused by
obstructions along the propagation path. The
constant shadowing model is suitable for the
scenarios  without mobility where the
obstructions along the propagation paths
remain unchanged.

Log Normal: The lognormal shadowing model
is suitable for a scenario with mobility and
obstructions within the propagation
environment. In this model, the shadowing
value follows a log-normal distribution with a
user specified standard deviation. In general,
this value should be in the range of 5 to 12 dB
depending on the density of obstructions within
the propagation environment.

Shadowing is caused mainly by terrain features
of the radio propagation environment. The
mathematical model for shadowing is a log-
normal distribution with standard deviation of 5
to 12 dB.

Set any value between 5 to 12 dB.

more

DL interference options are No interference,
Graded Distance based Wyner model and
Exact geometric models. If no interference is
chosen then in the SINR calculations, the
values of | is set to zero. Wyner and geometric
models compute interference. Wyner is an
approximate model used by the research
community while the geometric model is exact.
Technical details of the two models are
provided in the 5G NR/4G manual.

NetSim uses Interference-over-thermal (I0T), to
model co-channel uplink interference..

The Uplink IoT (dB) value is used to compute
the SINR, and Interference power based on the
following equations:
YOO W6 YO 6  O¢ O
The interference power (dBm units), logged in
the radio measurements file will be given as
VQéa pm a® 0 p T
where N is thermal noise and is equal to Q Y4

ERROR MODEL AND MCS SELECTION

MCS Selection

Model Global
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IDEAL_SHANNON

NetSim determines the modulation and coding

_THEOREM_BASE scheme in 5G and LTE, based on received

D_RATE,

SINR, per the following models:
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SHANNON_RATE_ Ideal Shannon Theorem-Based Rate: Spectral
WITH_ATTENUATI Efficiency is computed as
ON_FACTOR YR Q0O Q@O QO LD YOO Y
Shannon Rate with Attenuation Factor |
Spectral Efficiency is computed as
YR Q0 OO0 QQEwxd [ "YOU Y
Then the 3GPP standards Spectral Efficiency
vs MCS Table is looked up to select the MCS.
This could be the 64QAM table, 256 QAM table,
or the 64QAMLOWSE table depending on what
was chosen by the user.
Attenuation Global  05-1 Attenuation factor | takes value between 0.5
Factor ' and 1 with the default value of 0.75.
Block Error Rate Model (BLER) is used to
decide code block and transport block error in
5G and LTE. If set to true then NetSim looks up
the SINR-CBS-MCS vs. BLER tables to decide
on the code block errors rate for the chosen
MCS. Here MCS will be chosen as explained in
the MCS selection section. If OLLA is enabled
then MCS bump up/down will be based on
HARQ ACKs/NACKsS.
The Outer Loop Link Adaptation (OLLA)
technique, if enabled can improve the channel
. quality estimation by adjusting the value of
Outer_loop link Global TRUE SINR by an offset dependent on whether
adaption FALSE : -
previous  transmissions were  decoded
successfully or not, as captured by Hybrid
Automatic Repeat Request (HARQ) feedback
The OLLA algorithm in NetSim is designed to
converge the transport BLER to the set value of
the target BLER.
Range: 0to 1
Propagation Model: Refer mmWave Propagation Models (Per 3GPPTR38.900 Channel Model)
for technical information.

UE Properties
Interface (5G_RAN) i Physical Layer

UE Height (m) Local 1-225 It is the height of the UE in meters.

In NetSim the Tx power range is -40dBm to
50dBm. The default value for Tx power is
23dBm for UEs and 40dBm for gNBs. When
running in MIMO mode the transmit power is
split equally amongst all the MIMO layers. The
number of MIMO layers is Min (Nt, Nr).

ZERO_BLER

BLER Model Global 5| ERENABLE

Target BLER Global 0-1

TX Power (dBm) Local -40 dBm to 50 dBm

ANTENNA
The number of transmit antennas. This
parameter taken effect during MIMO
operation; the number of MIMO layers would
be Min (Nt, Nr), where Nt is the transmit
Local 1,2,4,8,16 antenna count at the transmitter and Nr is the
receive antenna count at the receiver. The
layer wise gains depend on the fading model
chosen and is explained in the 5G NR manual,
digital beamforming section.
The number of receive antennas. This
RX Antenna parameter taken effect during MIMO
Count Local 1.2,4,8,16 operation; the number of MIMO layers would
be Min (Nt, Nr), where Nt is the transmit

TX Antenna
Count
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antenna count at the transmitter and Nr is the
receive antenna count at the receiver. The
layer wise gains depend on the fading model
chosen and is explained in the 5G NR manual,
digital beamforming section.

5G Logs

LTENR Radio
Measurements
Log

LTENR
Resource
Allocation Log

LTENR
Handover TTT
Log

LTENR Code
Block Log

LTENR OLLA
Log

|IEEE 802.11
Radio
Measurement
Log

IEEE 802.11
Backoff Log

IEEE 802.11 Log

Global

Global

Global

Global

Global

Global

Global

Global
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Enable or Disable

Enable or Disable

Enable or Disable

Enable or Disable

Enable or Disable

Enable or Disable

Enable or Disable

Enable or Disable

The LTENR Radio measurements csv log file
records Timestamp, Device ID, Distance,
Pathloss, Shadow fading loss, Received
power, SNR, Interference Power, SINR, MCS,
CQI, Beamforming gain and more, for each
carrier on the PDSCH, PUSCH and SSB.
PDSCH and PUSCH measurements are
logged every sub-frame while SSB
measurements are logged every UE
measurement report.

The 5G Radio Resource Allocation csv log file
records information related to physical
resource block (PRB) allocation such as the
Total PRBs, Slot Start Time(ms), Slot End,
BitsPerPRB, BufferFill, Allocated PRBs, Rank
(scheduling metric) and more, in the DL and in
the UL. All these parameters are written in
every slot.

Records the events that occur during a
handover. This contains the time stamp,
serving cell ID, UE ID, target cell ID, and
Handover Trigger time (time at which the
handover condition was met) - when the TTT
parameter is enabled. The log can be used to
identify handover attempts and the impact of
TTT on handovers.

Records parameters associated with Code
Block segmentation such as Process ID, TB
size, Modulation, Code Rate, CBS, BLER,
CBG ID, etc. along with remarks on events
associated with HARQ and PRB allocation.
This will be useful to understand BLER model
and Code Block segmentation in 5G.

Logs parameters associated with Outer Loop
Link Adaptation(OLLA) such as CQI with and
without OLLA, phy SINR, SINR Delta, Virtual
SINR, etc along with time stamps, gNB ID, UE
ID , etc. This log can be used to understand
OLLA mechanism in 5G.

Records pathloss, shadowing loss, fading
loss, transmitted power, received power,
SNR, Interference Power, SINR, SNR, BER,
NSS, MCS, etc. This log can be used to
understand the channel model and its impact
on varying channel conditions.

Records details such as the Device name,
Time stamp, Packet ID, BackoffTime,
contention Window size and Retry Limit. This
log can be used to understand the Medium
access mechanism in IEEE 802.11 Protocols.

Records events and states associated with
IEEE 802.11 protocols along with time
stamps. This file can be wused for
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understanding and debugging through the
protocol internals.

Records events and states associated with
the OSPF Protocol, such as the control
message exchanges, interface state update,
etc along with timestamps

Logs the events associated with OSPF Hello
messages with timestamps. This includes
hello interval timer events, hello message
update, hello message processing, etc.

Records events associated with TCP
connection states such as LISTEN, SYN-
SENT, SYN-RECEIVED, ESTABLISHED,
FIN-WAIT-1, FIN-WAIT-2, CLOSE-WAIT,
CLOSING, LAST-ACK, TIME-WAIT, and
CLOSED.

Table 2-1: 5G Config Properties

OSPF Log Global Enable or Disable

OSPF Hello Log Global Enable or Disable

TCP Log Global Enable or Disable

2.4.1 Devices: Click and drop into environment

a AMF, UPF, :and SMF

A Exactly one set of these devices are automatically placed by NetSim into the

environment and connected appropriately to switches.
A These devices are part of the 5G core.
A These devices which are placed onto the environment cannot be deleted by the user.
b. Add a( d&NBr g NBe lOmni ,SmaéhnakrntilesgmMBect or Antenna)

A Click the gNB icon on the toolbar and place the gNB in the grid it will automatically
connect to the L2_Switches connected to the AMF and UPF. The logical connectivity of

the different interfaces (Xn, N1-N2, and N3) are broken out into different physical links.
A gNBs can also be placed inside the building based on the network scenario created.
A Every gNB should be connected to at least one UE.
A

C. dd User Equiipment (UE)

>\

Click the UE icon on the toolbar and place the UE in the grid.

>\

UE 6 s alsodb@ placed inside the building based on the network scenario created. The

UEO®6 s ar eassaniedvta lyesonnected to one gNB.

A A UE can never be connected to more than one gNB, and neither can it be out-of-range

of all gNBs.

d Add a RdudcRoutaenrd drop it ontAt tlhea thvao me nRrewntte
be conned®dtPé&Al rtooutaer i s not a mandatory requiren
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e. Add a L2omAcwiePsosh@lti ck 2t Devibe Swi tcoh 2o0Mevi ces >
Access iPoomton the toolbar and place the devi c¢

f. A dd a Wired Node aQ@ldi cWwiWNotdleee s WNo eédo MNodlee >

Wi reless chondeon the tool bar and place the devic
g Add a BCGl Il dBoghdicomgm on the tool bar and place t

A Buildings will have an impact on RF propagation losses if Pathloss_Shadowfading_02I
is selected

A A building occupies a minimum 1 cell on the grid and a maximum size equal to the

complete grid. The default size is 10 cells * 10 cells.

An empty space of 10 cells * 10 cells within the grid is required to place a building.

> >

Two buildings cannot be overlap one another.

>\

The resizing corners of a building includes South and East edges and South-East corner.
A The maximum number of buildings supported in NetSim is ten (10)

h. Connect the demetwsr k nbypy GuNRng Wi red/ Wirel ess
ri bpbon/Whdieel waam.necti ng gNB aonodnb&Eariet H sa wifeal | owi n

A Outdoor gNB to Outdoor UE.
A Outdoor gNB to Indoor UE.
A Indoor gNB to Indoor UE.
A Connecting Indoor gNB to Outdoor UE is not allowed in NetSim.
A Based on gNBs/UEs placed inside or outside of the buildings NetSim automatically
chooses the indoor/outdoor propagation models during simulation.
i. Configure an application as foll ows:

A Click the application icon on the top ribbon/toolbar.
A Specify the source and destination devices in the network.
A Specify other parameters as per the user requirement.
. Set the plU®PHFer AMEs gBIBF UE, and ot her devices a

A Right-click an UPF, AMF, and SMF click Properties and modify the interface and layer-

wise properties to your requirement.

A Right-click a gNB or UE, click Properties and specify the parameters.
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o The TX Power_per_layer (dBm) parameter (Interface 5G_RAN - Physical_Layer) is
local and if you change this parameter in gNB or UE, manually update the parameter
for the other devices.

0o The PDCP_Header_Compression, PDCP_Discard_Delay_Timer,

and PDCP_Out_of Order Delivery  parameters (Interfface 5G_RAN -
DatalLink_Layer) are local and if you change any of these parameters in gNB or UE,

manually update the parameter for the other devices.

A Right-click an Access_Point, L2_Switch, Wireless_Node or Wired_Node and specify the

parameters.

0 The Interface_Wireless > Physical Layer and Interface_Wireless > DataLink Layer
parameters are local and if you change any of these parameters in Access_Point or

Wireless_Node, manually update the parameter for the other devices.
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3 Model Features

3.1 The 5G Frame Structure

In 5G-NR the physical time and frequency resources correspond to OFDM symbols (time) and
subcarriers (frequency) respectively. The physical radio resources in each frame (or subframes)
can be considered as a resource grid made up of OFDM subcatrriers in the frequency domain,
and OFDM symbols in the time domain. The smallest physical resource, known as the resource
element (RE), comprises one subcarrier (frequency) and one OFDM symbol (time).

5G NR supports a flexible OFDM numerology to support diverse spectrum bands/types and
deployment models. The numerology, ‘ , can take values from 0 to 4 and specifies the Sub-
Carrier-Spacing (SCS)asp v ¢ kHz and a slot length of — ms. With * varying from 0 to 4, SCS
varies from 15 to 240 kHz. NetSim supports * =0, 1, 2 for FR1 and * = 2, 3 for FR2. The setting

*  Tcorresponds to the LTE (4G) system configuration.

1 Radio Frame = 10 Sub Frames = 10 ms

—

A
Y

120 kHz

1 Sub Frame = 1 ms = 8 Slots

1 Sub Carrier

1 Slot = 125 ps and carries 14 OFDM symbols

Figure 3-1: NR Frame Structure when numerology His setto 3

In the time domain (to support backwards compatibility with LTE) the frame length in 5G NR is
set to 10 ms, and each frame is composed of 10 subframes of 1 ms each. The 1 ms subframe is

then divided into one or more slots in 5G, whereas LTE had exactly two slots in a subframe. The
slot length depends on the numerology, * hand is equal to — ms. The number of OFDM symbols

per slot is 14 for a configuration using normal cyclic prefix. For extended cyclic prefix, the number

of OFDM symbols per slot is 12. See section 3.9.9.1- Numerologies, for more information.
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In the frequency domain, the number of subcarriers per physical resource block (PRB) is fixed to
12, and the Sub-Carrier-Spacing (SCS)isp v ¢ kHz.

Physical Resource Block (PRB): The PRB is the minimum unit of resource allocation in the
frequency domain, i.e., the width of a resource block, 180 kHz. It is a system-level constant. For
example, a PRB can either contain 12 subcarriers of 15 kHz each. As a formula, 0 "8

P¢ puL ¢ kHz.

Resource Block (RB): Itis the minimum unit of resource allocation, i.e., 1 PRB by 1slot. Net Si mo6 s
scheduler performs resource allocation every subframe (TTI, transmission time interval),
however, the granularity of resource allocation is 1 slot in time, i.e., the duration of a resource

block, and 1 PRB in frequency. One sub-carrier by one symbol is defined as a resource element.

3.2 Data Transmission Overview

A In NetSim only the DL and UL traffic channels (PDSCH and PUSCH) are modelled. The
control signals and control channels are abstracted; these abstractions are explained is

various parts of this document.

A In TDD operation the UL and DL transmissions are separated in the time-domain over
different frames/subframes/slots/symbols and use the same carrier frequency. In FDD
operation UL and DL transmissions are separated in the frequency domain, with different

frequencies used for UL and for DL transmission.
A Higher layer packets arrive at the RLC buffer for each UE and each gNB.

A Prior to transmission, the MAC scheduler in the gNB determines the allocation of PRBs
(PHY resources) to users. In this module the Transport block size (TBS) (explained in
3.9.12) is computed using the channel quality index (CQI). The CQI is determined by the
Adaptive Modulation and Coding (AMC) function based on the SNR.

A Now, the received SNR is determined from a) large scale pathloss and shadowing
calcul ated per the 3GPPOG6s ,snddb)dhe amsatl-scale fagingppagat i
which leads to beamforming gains when using MIMOZ2. These models provide signal
attenuation as an output. Several parameters are used in the model, including the distance
between the transmitter and the receiver. These computations are executed each
associated UE-gNB pair, in DL and UL, at the start of simulation and again at every mobility

event. In calculating SNR, the noise power is obtained fromd  Q Y 6.

A Note that the SNR/CQI is not computed/fed-back using reference signals/control channels
but is computed on the data channel (PDSCH and PUSCH). Then it is assumed to be

2 MIMO and beamforming are explained in section 3.9
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instantaneously known to the transmitter and receiver. This assumption is known as perfect
CSIT and CSIR. With perfect CSIT the transmitter can adapt its transmission rate (MCS)

relative to the instantaneous channel state (SNR).

A Based on this SNR the AMC determines a wideband CQI which indicates the highest rate
Modulation and coding scheme (MCS), that it can reliably decode, if the entire system
bandwidth were allocated to that user. The modulation scheme defines the number of bits,
that can be carried by a single RE. Modulation scheme supported by 5G include QPSK (2
bits), 16 QAM (4 bits), 64 QAM (6 bits), and 256 QAM (8 bits). The code rate defines the
proportion of bits transmitted that are useful. It is computed as the ratio of useful bits by total
bits that are transmitted. The modulation order 0 , which denotes the number of bits per
RE, and the code rate denoted by Y are jointly encoded as modulation and coding scheme

(MCS) index. These values of 0 and 'Y are then passed to the TBS determination function.

A At each gNB a frame of length 10ms is started. Each frame in turn starts 10 sub frames
each of length 1ms. Each sub frame then starts a certain number of slots based on

numerology.

A The PHY layer in NetSim then notifies the MAC about the slot start. The MAC sub layer in
turn seeks a buffer status report from the RLC layer and invokes the MAC scheduler. It then
notifies the RLC of the transmission. The RLC then transmits the transport block to the PHY
layer. The downlink and uplink data channels (PDSCH, PUSCH) receive this transport block
as its service data unit (SDU), which is then processed and transmitted over the radio

interface.

3.3 5G NR Stack

————— - _— e -
| | | |
| sDAP  f—1} [ soar |
| | | |
I pocp  |+— | PDCP |
| | | |
| RLC [~} ! RLC |
| | | |
| MAC — . MAC |
| | | |
| PHY  [— } PHY |
| e 1 | — — ]
UE gNB

Figure 3-2: User Plane Protocol Stack
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= _i [ _i  — _i
| NAS | i — nNAs
| | |
| RRC |« | = Rrc I | LR |
: PDCP |« i : »| PDCP I : |
RLC < I - RLC I |
| ] || |
| MAC |e | I » mac I | |
| PHY  |e—f I »|  PHY |
| ) - |
mpmp—._ | - il |
UE gN\B EPC (PGW&SGW)

Figure 3-3: Control Plane Protocol Stack

3.4 SDAP (Specification: 37.324)

The features in NetSim SDAP are:

A Mapping between a QoS flow and a data radio bearer (DRB) per the new QoS framework

A Marking QoS flow ID (QFI) in both DL and UL packets.

5G NR New QoS Framework

< Application /Service Layer

—-

%ﬂ@&/ Data packets from applications \a% %
\'/
/ “NAS” filters
(mapping packet\ ’

to QoS flows and apply marking)

Mapping flows
. o DRBs |

PDU session

Packet filters classify
I— packets to SDFs

\ Packets marked with “QoS Flow ID”

CN_UP

Figure 3-4: 5G Quality of Services (QoS)

In NetSim the SDAP modulebé SetMode function maps the Application QoS Type (which can be

set i n NetoRLGMode. GUI )

RLC Mode \ Priority

Application QoS (Set in NetSim GUI)

nrtPS, ertPS, rtPS, UGS

UM Mode GBR

BE

AM Mode Non-GBR

Table 3-1: Mapping of Application QoS to RLC mode in NetSim

In the same function, the logical channel is also set to DTCH which is the dedicated traffic channel.

Next comes the MAC_OUT function. This function determines what the current device is

connected to i.e., if it is a UE, it finds the associated gNB, else if the current device is a gNB it
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finds the associated UEs. The SDAP header is then added which contains the QFI. Recall that

the NetSim 5G NR library only supports unicast transmissions (i.e., broadcast is not supported).

After this is the SendToNetwork function. This function is called when a packet is at MAC-IN at
the receiver. The function creates the Network Event, sets all the Event-Details and sends the
packet to IP layer. And finally, the HandleMacIN function decides whether the packet must be
sent to another interface (if intermediate device) or sent to network layer (if end device). The
header is stripped off.

3.4.15G QoS characteristics

5G Quality of Service (QoS) model is based on QoS Flows. Each QoS flow has a unique identifier
called QoS Flow Identifier (QFI). There are two types of flows: Guaranteed Bit Rate (GBR) QoS
Flows and Non-GBR QoS Flows. Every QoS flow has a QoS profile that includes QoS parameters
and QoS characteristics. Applicable parameters depend on GBR or non-GBR flow type. QoS
characteristics are standardized or dynamically configured.

The current NetSim COTS build does not implement 5G QoS. All traffic flowing is categorized as
non-GBR. A framework has been provided for users to modify the underlying code to implement

QoS flow categorization in terms of:

Resource Type (GBR, DeGmBR) critical GBR or Non
Priority Level

Packet Del.ay Budget

A wDnPF

Packet Error Rat e

3.5 RLC (Based on specification 38.322)

NetSim RLC entity is based on 3GPP Technical specification 38.322. The RLC layer sits between
PDCP and MAC layer. The RLC has three different modes of operation: TM (Transparent Mode),
UM (Unacknowledged Mode) and AM (Acknowledge mode) as shown in Figure 3-5.

© TETCOS LLP. All rights reserved Page 34 of 234



Ver 14.0

PCCH DCCH
CCCH DTCH DTCH
upper layer
~—-C% ----- <J?: ------ %D ————— <:‘TD ———————— CLL>--—-R'-C°'B“'~
transmitting receiving transmitting remnng 2
TMRLC entity TMRLC entity UMRLE entity UMRLE entity eI eNB/UE
| C*':} ——————————— C*,:) ——————————— C!D B oo _
channal
! I ! | | 1
| | I lowerlyen | I i
| i | i | i
! | ! | I |
| | | radio interface I I I
| | | ] | ]
l | L I | |
I | ' lowerlyes | | !
! I ! | ! 1
o/ . L . A __ logeal
charnal
receiving transmitting receing tramemitting ;
TMRLC antity TMRLC antity UMRLE antity UMRLE antity ERRC UE
———{__I:) ————— crr:n —————— Cff) ————— <:1‘D ———————— CIF'————RLcmamau—
upper layer

Figure 3-5: RLC Modes of operation and RLC Entities

A summary of key features of these modes is as follows:

A TM: No RLC Header, Buffering at Tx only, No Segmentation/Reassembly, No feedback (i.e,
No ACK/NACK)

A UM: RLC Header, Buffering at both Tx and Rx, Segmentation/Reassembly, No feedback
(i.e., No ACK/NACK)

A AM: RLC Header, Buffering at both Tx and Rx, Segmentation/Reassembly, Feedback (i.e.,
ACK/NACK)

Each of these modes can both transmit and receive data. In TM and UM, separate entity is used
for transmission and reception, but in AM a single RLC entity perform both transmission and

reception,

NetSim implements all the 7 entities for the RLC that are shown in Figure 3-5. Note that each of

logical channels use a specific RLC mode:

>\

BCCH, PCCH, CCCH use RLC TM only.

>\

DCCH use RLC AM only.

>\

DTCH use RLC UM or AM. (Which mode is used for each DTCH channel, is determined by
RRC message).

The RLC entities provide the RLC service interface to the upper PDCP layer and the MAC service
interface to the lower MAC layer. The RLC entities use the PDCP service interface from the upper

PDCP layer and the MAC service interface from the lower MAC layer.
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SDAP IN
SDAR IN

LTEMR PDCP.c LTENR PDCP.c

PDCE OUT PDCP QUT

LTENR PDCP.elh

FDCF N
LTENR_RLC.C LTENR_RLC.C

RLC OUT RLC OUT

AM RLC

LTEMR RLC AM.c

A 2
Transmission Status Notification Transmission Status Notification
] ] |
LTENR MAC.C LTENR MAC.C
MAC_ouT MAC_OUT 1

Figure 3-6: Implementation Model of PDCP, RLC and MAC entities

The main call at the transmit side RLC is done in the function
fn_NetSim_LTENR_RLC_HandlePDUFromUpperLayer() in the file LTENR_RLC.c

Then the MAC Layer calls the following function in LTENR_RLC.c

UINT fn_NetSim_LTENR_RLC_BufferStatusNotificaton(NETSIM_ID d, NETSIM_ID in,
NETSIM_ID r, NETSIM_ID rin, LTENR_LOGICALCHANNEL logicalChannel) to know the buffer
status in order to do the scheduling

Once the MAC Layer allocates resources it calls the following function in LTENR_RLC.c

void fn_NetSim_LTENR_RLC_TransmissionStatusNotification(NETSIM_ID d, NETSIM_ID in,
NETSIM_ID r, NETSIM_ID rin, UINT size, LTENR_LOGICALCHANNEL logicalChannel)

UM stands for 'Unacknowledged Mode'. 'Unacknowledged Mode' means 'it does not require any
reception response from the other party'. 'Reception response’ simply mean '‘ACK' or 'NACK' from
the other party. (UM mode is similar to TM mode in that it does not require any ACK/NACK from
the other party, but it is different from TM in that it has its own header)

Per the figure below the RLC transmit side (All the RLC UM functionality is available in the file
LTENR_RLC_UM.c in the project LTE_NR).

A Buffers the data and generates RLC Header. This is handled in NetSim by the function void
LTENR_RLC_UM_HandlePDUFromUpperLayer()
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A Segmentation of the RLC SDU and modification RLC Header (Some fields in RLC header

may be changed based on the segmentation status)
A Adds RLC header.

o The above two functionalities are handled in NetSim by the function UINT
LTENR_RLC_UM_SEND_PDU (NETSIM_ID d, NETSIM_ID in,NETSIM_ID r,
NETSIM_ID rin, UINT size, LTENR_LOGICALCHANNEL logicalChannel) which in turn
calls the function static NetSim_PACKET*

LTENR_RLC_UM_FRAGMENT_PACKET (NetSim_PACKET* p, UINT size, UINT sn)
and the function static int LTENR_RLC_UM_ADD_HDR(NetSim_PACKET* p

NOTE: If you compare this in LTE process, it seems that UM RLC does not perform any 'Concatenation’.
According to the following statement from 38.322 v0.1.0, the 'concatenation’ process is moved to MAC
layer. From RAN2 NR#1: Working assumption on no RLC concatenation taken at RAN2#96 is confirmed
(i.e., concatenation of RLC PDUS is performed in MAC).

The main call at the receive side RLC is done in the function void
fn_NetSim_LTENR_RLC_ HandleMACIN() in the file LTENR_RLC.c

The RLC on the receive side:
A Buffers. Here the RLC waits for all the fragments to arrive.

o This is handled in NetSim by the function void LTENR_RLC _UM_RECEIVE_PDU(). If
there is no fragments then call LTENR_CallPDCPIN(); else call
LTENR_RLC_UM_RECEIVE_PDU_WITH_SN();

A Reorders, if required
A Strips the RLC header
A Reassembles

0 The above three functionalities are handled in NetSim by the code in the region #pragma
region RLC_UM_RECEPTIONBUFFER
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Figure 3-7: RLC UM working

NetSim GUI RLC Configurable parameters

The following timers are configured per TS 38.331 [5]:

a.

t-Pol | Ret rTahnissmitti mer

retransmit a poll

is used by the

the GUI dropdown menu.

t-Reassenibhliys ti mer

UM RLC entity in order to det etRtealseesnbdfyuRhCnBD

used by the

Ver 14.0

transmitti

Defrmash( 3 mialbluidsRen NetiSs mpi gv is

recei vi

tReassesnbalyl breo st art eid. eandldyi ttRiezes & lepmgpyl YRL C

running at a given

provided in the GUI

prohi bit transmissi.Oef abl ta
second®R}ange is provided
configured per TS 38.

to Iimit the number
Def ault wvalue itIn. NRarSgen iiss predav itde d
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331 [5]:

max Ret xhtol edlThi s parameter is used

of retransmi

is used by

menu.

menu.
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f. pol | Blynties parameter i s usiedle bgf tédha@ech rAMsRIL € te mtgi
pol | f prol ¢ Byt es. Default val KB 5Km tNest)Bdmge si ss ¢

provided in the GUI dropdown menu.
3.6 RLC-AM (Based on specification 38.322)

AM stands for 'Acknowledge Mode'. This means an ACK/NACK is required from the receiver
unlike RLC-UM where no ACK/NACK is required from the receiver. The code for RLC-AM mode
is written in the file LTENR_RLC_AM.c

AM-RLC channel

Generate RLC header
and store
transmission

buffer

Remove RLC header
Segmentation Retransmission

Modify RLC header buffer

RLC control SDU reassembly

Reception
buffer & HARQ
reordering

Add RLC header

Routing

— [
DICHDCCH DTCHDCCH

Figure 3-8: RLC AM Working
The functionality of RLC-AM is:

After RLC transmitters does the segmentation/concatenation process, it adds RLC header and
then it creates two identical copies and transmit the one copy of the data out to lower layer (MAC)

and sends another copy to Retransmission buffer.

If the RLC gets Nack or does not get any response from the receiver for a certain period of time,
the RLC PDU in the retransmission buffer gets transmitted again. If the RLC get ACK, the copy
of the packet in retransmission buffer is discarded.

There are four buffers maintained in RLC-AM. There is no size defined in the standard and hence
NetSim implements an infinite buffer (see LTENR_RLC.h and LTENR_RLCBuffer.c for related
code). There are 3 buffers for transmit operations and 1 for receive operation:

1. Transmi ss:iiQure ulesf fSDrUs received from higher | ayer
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2. Transmitt@ue baud f @8DUs t hat has been transmitted

not yet.received

3. Ret ransmi sssQonaeuBaf Re€ SDUs which are confearder ed

whi ch NACK has been received)

4. Recepti aQueBuésefrragments of SDUs (receiver

The MAC sub layer then seeks a Buffer Status Report from the RLC.

The entry functions for RLC-AM is defined in section #pragma region RLCAM_OUT. The first
function called is void LTENR_RLCAM_HandlePDUFromUpperLayer()

Here the packet is added to the Transmission Buffer. Then based on the MAC scheduler, the
MAC layer sends a notification to RLC, which in turn sends a packet by first checking the Re
Transmission Buffer followed by the Transmission-Buffer. These functions are also in the same

region.

The T_POLLRetransmit determines if a packet needs to be re-transmitted. If RLCAM- Ack is not
received packet is moved from transmitted buffer to retransmission buffer. The codes for
T_POLLRetransmit are in the section #pragma region RLCAM_T_POLLRetransmit.

3.6.1 Transmit Operations

The transmitting side of an AM RLC entity shall prioritize transmission of RLC control PDUs over
AMD PDUs. The transmitting side of an AM RLC entity shall prioritize transmission of AMD PDUs
containing previously transmitted RLC SDUs or RLC SDU segments over transmission of AMD
PDUs containing not previously transmitted RLC SDUs or RLC SDU segments. The transmitting
side of an AM RLC entity shall maintain a transmitting window according to the state variable

TX Next_Ack as follows:

- a SN falls within the transmitting window if TX_Next Ack <= SN < TX_Next_Ack +
AM_Window_Size;

I a SN falls outside of the transmitting window otherwise.

The transmitting side of an AM RLC entity shall not submit to lower layer any AMD PDU whose
SN falls outside of the transmitting window.

For each RLC SDU received from the upper layer, the AM RLC entity shall:

I associate a SN with the RLC SDU equal to TX_Next and construct an AMD PDU by setting
the SN of the AMD PDU to TX_ Next;

T increment TX_Next by one.
When submitting an AMD PDU that contains a segment of an RLC SDU, to lower layer, the

transmitting side of an AM.
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RLC entity shall:
T setthe SN of the AMD PDU to the SN of the corresponding RLC SDU.

The transmitting side of an AM RLC entity can receive a positive acknowledgement (confirmation

of successful reception by its peer AM RLC entity) for an RLC SDU by the following:
I STATUS PDU from its peer AM RLC entity.

When receiving a positive acknowledgement for an RLC SDU with SN = x, the transmitting side
of an AM RLC entity shall:

T send an indication to the upper layers of successful delivery of the RLC SDU;

T set TX Next_Ack equal to the SN of the RLC SDU with the smallest SN, whose SN falls

within the range

TX Next Ack SN  TX_Next and for which a positive acknowledgment has not been received

yet.
3.6.2 Receive Operations

The receiving side of an AM RLC entity shall maintain a receiving window according to the state

variable RX_Next as follows:

T a SN falls within the receiving window if RX_Next SN < RX_ Next + AM_Window_Size;
T a SN falls outside of the receiving window otherwise.

When receiving an AMD PDU from lower layer, the receiving side of an AM RLC entity shall:
T either discard the received AMD PDU or place it in the reception buffer.

T if the received AMD PDU was placed in the reception buffer:

T update state variables, reassemble and deliver RLC SDUs to upper layer and start/stop t-
Reassembly as needed when t-Reassembly expires, the receiving side of an AM RLC entity
shall:

T update state variables and start t-Reassembly as needed.

After submitting an AMD PDU including a poll to lower layer, the transmitting side of an AM RLC
entity shall:

T set POLL_SN to the highest SN of the AMD PDU among the AMD PDUs submitted to lower

layer;
T if t-PollRetransmit is not running:

T start t-PollRetransmit.
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T else:
T restart t-PollIRetransmit
3.6.3Actions when a RLC PDU is received from alower layer

At the Receive side the functionality is handled in the section #pragma region RLCAM_IN. The
entry function in the receive side is void LTENR_RLC_AM_RECEIVE_PDU(). The receives the
AMPDU and checks if

1. It tiki withe receive window.
2. The packet is nat.reatrdagyicateived

If both the conditions are true, the AMPDU is placed in the Reception Buffer and starts the
ReassemblyTimer. If the PDU has a PollRequest then it starts constructing the StatusPDU. The
code for this is in the section #pragma region RLCAM_STATUSPDU_SEND

3.6.4 Reception of a STATUS report

Upon reception of a STATUS report from the receiving RLC AM entity the transmitting side of an
AM RLC entity shall:

i if the STATUS report comprises a positive or negative acknowledgement for the RLC SDU
with sequence number equal to POLL_SN:

i if t-PollRetransmit is running:

i stop and reset t-PollIRetransmit
3.7 PDCP (Based on specification 38.322)

The PDCP layer receives a packet (data/control) from the upper layer, executes the PDCP
functions and then transmits it to a lower layer.

PDCP Entity: The PDCP entities are located in the PDCP sublayer. NetSim currently implements
one PDCP entity per UE (users can add more by modifying the code). The same PDCP entity is
associated with both the control and the user plane.

The source code files related to PDCP are:
A LTENR_PDCP.c
A LTENR_PDCP.h

and the primitives are void fn_NetSim_LTENR_PDCP_TransmitPDCPSDU(), to send the PDCP
SDU to a lower layer, and fn_NetSim_LTENR_PDCP_ReceivePDCPSDU()

The PDCP functionality supported (see LTENR_PDCP.c) in NetSim is:

A Transmit PDCP SDU
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o0 Sets the PDCP Sequence Number

0 Adds RLC Header.

o Calls RLC service primitive.
A PDCP Association

o This call back function is invoked when the UE associates/dissociates from a gNB.
A Maintenance of PDCP sequence numbers (to know more check the PDCP entity structure)
A Discard Timer:

0o When the discardTimer expires for a PDCP SDU, or the successful delivery of a PDCP
SDU is confirmed by PDCP status report, the transmitting PDCP entity shall discard the
PDCP SDU along with the corresponding PDCP Data PDU.

o Discarding a PDCP SDU already associated with a PDCP SN causes a SN gap in the
transmitted PDCP Data PDUs, which increases PDCP reordering delay in the receiving
PDCP entity.

o NetSim Specific (can be seen in the event trace upon completion of simulation)

T Event Type: TIMER_EVENT
1 Sub Event Type: PDCP_DISCARDTIMER

A Transmission Buffer (size is assumed to infinite): This is where PDCP SDU's are stored
before being sent down to a lower layer.

A PDCP Entity: The PDCP Entity structure is defined in LTENR_PDCP.h
A PDCP State variables.
A TREORDERING Timer.

A Receive buffer.
3.8 MAC Layer

3.8.1 Overview

NetSim 5G NR MAC implements the following features:

A Multiplexing/de-multiplexing of MAC SDUs into/from transport blocks for DL-SCH and UL-
SCH data transfer.

A Buffer status reporting.

A MAC Scheduler.

© TETCOS LLP. All rights reserved Page 43 of 234



Ver 14.0

3.8.2 MAC Scheduler: Introduction

Base stations (gNBs) generally deal with multiple mobile stations UEs, some of which require
larger bandwidths than others and some of which have better connections (signal quality) than
others. Inideal circumstances the base station has plenty of resources (e.g., bandwidth) and each
UE gets the resources it needs. However, usually resources are limited, and the base station

needs some way of fairly allocating the resources between the UEs.

Consider the downlink of a single gNB 5G cellular system. Several UEs are receiving data from
ongoing transfers, for example, TCP controlled file downloads. Assuming that the bottleneck on
the transfer path for these connections is this gNB to UE wireless access, the downlink per-UE
queues in the gNB will be nonempty. At the beginning of each downlink slot (TTI) the gNB
schedul er has to decide which of the UEs® waiting

At each gNB the MAC scheduler decides the PRB allocation, per carrier, per TTI (slot), in the
PDSCH (DL) and in the PUSCH (UL). Control packets such as the buffer status report (BSR) and
UL assignment, are assumed to be sent out of band. The resources for transmission of these

control packets are part of Overhead as defined in 3.9.21.
3.8.3 Round Robin Scheduler

It divides the available PRBs among the active flows, i.e., those logical channels which have a

non-empty RLC queue. The MCS for each user is calculated according to the received CQIs.
3.8.4 Proportional Fair Scheduler

For data transfers, an important performance measure is long term throughput in bits/second,
say, "'Yhp "Q &hwhere ¢ is the number of UEs. One approach to designing a scheduler is to
evaluate the goodness of the throughput vector "YRE RY by a network utility, which is the sum
of individual user utilities. The utility (or, usefulness) of a throughput “Yito a user, increases with
increasing throughput, but for large throughputs, increasing throughput further gives diminishing
increase in usefulness. This property is modeled as a nondecreasing concave function of
throughput. A common measure of utility is the log function, i.e., for the throughput vector
"YFE R'Y hthe utility of throughput "Y to user "(s measured as 1 TY. The network utility is, then,

given as

1Ty

A Proportional Fair (PF) scheduler works by scheduling users in slots so that the utility of their
long-term throughputs is maximized. In the 5G setting, the scheduling decisions at the beginning
of a TTI are based on the physical rates that each UE can get in each Resource Block (RB). If we

are given statistical models of these rates, then a nonlinear optimization problem can be
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formulated and solved to obtain the schedule. This is not a practical approach, however, and a
learning algorithm is desired, which, based on slot-by-slot CSI measurements, takes scheduling

decisions, which lead to PF optimal throughputs.

The Proportional Fair Scheduler is such a learning scheduler, that uses the throughputs that users
are expected to get in the next slot, and the average throughputs they have each obtained up to
this slot, to decide which UEs to schedule in the next slot. The practical PF scheme, described
below, is based on information such as a presently available data rate for each user in each RB
in the next slot (obtained by CSI measurements), and an average data rate over an immediately

prior predetermined interval for each user.
3.8.4.1 Implementation

Since NetSim uses a flat fading model, in each slot, each UE achieves the same MCS in every
RB in that slot. In other words, different UEs achieve, possibly, different MCSs, but a single UE
has the same MCS across all RBs in a slot. Under this assumption, it is optimal to schedule the
same UE in every RB in that slot. Since the channel condition can stochastically vary from slot to
slot, the MCSs that the UEs achieve will vary from slot to slot. Under this assumption, the following

algorithm is Proportional Fair optimal.

Let "@enote generic users and let Obe the slot index. A resource block index "Qis required given
the flat fading assumption. Let0 0 be the MCS seen by user "(at time (slot) 6. The channel CQI
(derived from the data channel SINR) is used by the adaptive modulation and coding (AMC)
module to determine the MCS. We denote by YO 5 the TB size in bits for a given MCS, 0 , and
a given number of physical resource blocks (PRBs), 6. The achievable rate'Y 0 in bit/s for user

“On slot 0 is defined as

where tis the TTI, i.e., p slot duration. At the start of each slot 0, the user index "Q 6 - selected

by the scheduler - to which required PRBs (pert h a't user6s demand)isi

determined as

Qo i Qa oa?a— 2
18 h 0
This selection is carried out by the scheduler till all PRBs in slot 0 are allocated. In the above

expression, "Y 0 is the past throughput performance perceived by the user ‘®and is defined as

Pvo p Brve

Yoo e |
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where | is the time constant (in units of slots) of the exponential moving average. NetSim uses
| v Ttand Y 0 is the actual throughput achieved by the user "(n the subframe 0. If 6 0 is the
number of PRBs allocated to user "Qwe finally get

YO oR o

YO
T

Thevalueof| can be changed by the wuser by edit.i
changed via the GUI. The PF scheduler thus selects a user having the maximum among values
obtained by dividing a present possible data rate by an average data rate during a predetermined

interval at every scheduling time point.
3.8.4.2 Remarks

R1. When there is no channel variation, i.e., each UE achieves the same MCS in every RB in
every slot, then the throughput of the PF scheduler equals that of the round robin scheduler.

R2. The difference between the RR and PF schedulers can be seen when the radio channel
varies stochastically over the slots.

R3. Mobility cases: NetSim pathloss computations do not follow continuous math since it will
mean a potentially infinite number of calculations. These PL calculations are discrete time
instants i.e., every time a UE moves with the UE movement update determined per the
update interval parameter in the Ul or via a mobility file. Let us denote the time difference
between updates as 3"8The UE is assumed to instantaneously move to a point 0 at time
“Y and stay there till just before time “Y 3'Y. At the moment, Y 3'Y, the UE
instantaneously moves to pointd . Pathloss is computed at (0 Y and then at
© RY 3"Y. Therefore, (and again) differences between the RR and PF scheduler will

be appreciable only if the update interval is of the order of milli seconds.
3.8.5 Max Throughput Scheduler

The Max Throughput (MT) scheduler aims to maximize the overall throughput of the Base station
(gNB or eNB). It allocates each PRBs to the user that can achieve the maximum achievable rate
in the current TTI. The highest achievable rate is calculated by wideband MCS, that is derived
from the CQI which in-turn is computed from the SINR. The scheduler allocates the required
PRBs to this UE in the current TTI (slot). The calculation of achievable rate similar to what is

explained in PF scheduler.

We denote "Y0 ho as the TB size in bits for a given MCS, 0 hand a given number of physical

resource blocks (PRBs), 6. The achievable rate 'Y 0 in bit/s for user “Cat slot 0 is defined as

YO ofp

Y O
1_

© TETCOS LLP. All rights reserved Page 46 of 234

ng

t

he



Ver 14.0

where T is the TTl i.e., p slot duration. At the start of each slot 6, the user index Q ¢ - selected
by the scheduler -t o whi ch required PRBs (per thatdisuser 6s

determined as

Qo i Q& dYad
i h

While MT can maximize cell throughput, it cannot provide fairness to the UEs that experience

poor channel condition.

When there are several UEs having the same achievable rate, NetSim implements RR scheduling

amongst these UEs that have the same achievable rate.
3.8.6 Special cases
C1. Carrier aggregation case: the scheduler runs on a per carrier basis.
a. PF Schedal ercomputed and maintained independe

C2. NSA mode: Traffic is split between 4G and 5G (eNB and gNB) above the MAC. The
scheduler runs independently on the eNB and gNB.

C3. Association and Handover: PF Scheduler: At time of association or handover, say 0,
NetSim sets Y O p

C4. Application priorities and heterogenous traffic: In 5G, the types of QoS are

a. GBR, which is transmitted in RLC UM mode. I n

priority set are transmitted in UM mode.

b. Noi#GB R, which is transmitted in RLC AM mode. I

have UGS priority set are transmitted in AM m
c. Control channel traffic, which is transmitte
control plane behaviour and doesn6ét model the

C5. The MAC scheduler allocates resources on a combined (UM plus AM) RLC requirement.
Once UE wise allocation is complete, RLC would first transmit the UM mode traffic followed
by the AM mode traffic, to that UE. And so on for all UEs.

3.8.7 Log File

The resource allocation and the rank, i.e., —— computations are logged in the Radio Resource

Allocation csv file.
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Figure 3-9: Radio resource allocation log file showing allocation per carrier per slot between each gNB

and its associated UEs
3.9 PHY Layer

3.9.1 Overview of the PHY implementation

NetSim is a packet level simulator for simulating the performance of end-to-end applications over
various packet transport technologies. NetSim can scale to simulating networks with 100s of end-
systems, routers, switches, etc. NetSim provides estimates of the statistics of application-level
performance metrics such as throughput, delay, packet-loss, and statistics of network-level

processes such as buffer occupancy, collision probabilities, etc.

To achieve a scalable simulation, that can execute in reasonable time on desktop level
computers, in all networking technologies the details of the physical layer techniques have been
abstracted up to the point that bit-error probabilities can be obtained from which packet error

probabilities are obtained.

Of all the wireless access technologies implemented in NetSim, the most sophisticated is 5G NR,
in which the physical layer utilizes a variety of techniques that go well beyond even 4G LTE.
These include multiple subcarrier bandwidths in the same system, slot lengths that depend on
the subcarrier bandwidth, flexible time-division duplexing, a wide range of constellation sizes and
coding rates, multiuser MIMO-OFDM, etc. Particularly with regard to MIMO-OFDM, with the
attendant channel estimation (the errors therein), and the complexities of signal processing,
NetSim has taken the design decision to replace these by idealized, symbol level models, where
the statistics of the effective stochastic channel gains, and the statistics of the effective stochastic
noise and interference are modelled in an idealized setting. Such models then permit the

calculation of the required bit error rates, and thereby code block error rates, etc.

Overview of the 5G NR PHY:
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A5G NR utilizes an implementation of OFDMA, with several different carrier bandwidths, and

a wide range of modulation and coding schemes.

A Users would be sharing the same RF bandwidth but would be using different modulation
schemes and thus obtaining different bit rates. As the devices involved in the

communication move around, the radio channel between them also keeps changing.

A The received SNR is determined from pathloss calculated per the 3 GPP&s st ochast
propagation models. The models provide signal attenuation as an output. Several
parameters are used in the model, including the distance between the transmitter and the

receiver.

A A CQI is computed for all the symbols in one TB, based on the SNR calculated on the data
channels (DL and UL). The SNR calculation is done at the start of the simulation, then every
UE measurement interval and at every instant a UE moves. In calculating SNR, the noise

power is obtained from 0 Q Y 8.

A Based on the SNR, the Adaptive Modulation and Coding (AMC) functionality determines
the values of 0, the modulation order, and "Yhthe code rate, in the TBS formula. The SNR

is computed on a per UE level for UL and DL.

A The transport block size in NetSim is as per the MAC procedure for TBS determination
standardized in TS 38.214 Section 5.1.3.2 (DL) and 6.1.4.2 (UL).

A An approximate estimate of the TBS per carrier is.
¢ Y 118§ ° ¢ & 0 p 00
Where 'Yis the code rate, U is the modulation order, ’ is the number of MIMO layers, ¢ is

the number of sub carriers per resource block, € is the number of symbols per slot,

0 is the number of PRBs and 0 "Gs the overheads specified in the standard.

A The available PHY resource is shared dynamically between the users, with the resource
allocation being dynamically adjusted per user demands and channel conditions. The MAC
Scheduler determines the data (how much to and from, which UE and gNB) that is to be
transmitted, from the higher layer RLC buffer, in units of Physical Resource Blocks (PRBs).
It is transmitted at a rate determined using Y, code rate and 0, modulation order of the UE

T gNB channel.
3.9.2 Digital Beamforming

A For a transmitter (gNB or eNB) with 6antennas and a receiver with i antennas, thei 0
channel gain matrix (between every transmit-receive antenna pair) has complex Gaussian

elements. We assume in the standard model that the complex Gaussian elements are
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statistically independent across elements, and each element is a circularly symmetric

Gaussian. We denote this matrix by 'C8
A For the channel matrix "Obeing defined as above, the Wishart Matrix is defined as follows:
w 00 i o
w ™0VOi1 o
Therefore, lettingd | ETh wis an @ @& nonnegative definite matrix, with

=

eigenvalues _  _ E _ m _ E _ 4gtis these eigenvalues that are

used in the parallel SISO models described below.

A NetSim permits the user to enable or disable a stochastic fading model. Fading is modelled
by the elements of "Obeing time varying, with some coherence time. Such time variation
results in the eigenvalues of @ also varying. NetSim models such time variation by letting
the user define a coherence time during which the eigenvalues (fast fading gains) are kept
fixed. For each ihd value, NetSim maintains a list of samples of eigenvalues for the
corresponding Wishart matrix. To model fading, a new set of eigenvalues is used by NetSim

in successive coherence times.

A Putting the above discussions together, if fast fading with eigen-beamforming is enabled in
Net Si més GUI , then the MI MO |Iink is mode
the symbol level channel gain being derived from the eigenvalues of the Wishart matrix.

6 QOA0E T @ QOVOP W COQQQE Wb 6 Q
A It must be noted that the eigenvectors are not required as they are only a part of the receive

and transmit signal processing, and NetSim only needs to work with the equivalent symbol-
by-symbol flat fading SISO channels.

A If fast fading is disabled, NetSim reduces the MIMO transmission to a set of parallel,
independent channels with constant gain, since the Beam forming gain does not change
with time.

A Note that the LOS probability parameter in NetSim is solely used to compute the large scale

pathloss per the 3GPP 38.901 standard. This parameter is not used in the channel rank

(MIMO layers) computations.

Fading and No. of MIMO Beamforming Gain (per layer) and
Beamforming EVES Model
. . Unity (O dB).
N;)ir:admg LA W Min O h) A theoretical model useful for
g benchmarking.
. Max 0 )
No fading MIMO array Min O h) Assumes Matched Filter Precoding (MFP)

gain and Maximal Ratio Combining (MRC)

Rayleigh with Eigen Min § 5 Eigen values of the Wishart Matrix.
Beamforming Assumes MFP and MRC
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Table 3-2: Determination of (i) No. of MIMO layers and (ii) Gains in each layer using Fading and

Beamforming parameters.
3.9.3MIMO (Digital) Beamforming Assumptions in NetSim
NetSim makes the following assumptions to simplify MIMO operations for a packet-simulator:
A Operation in spatial multiplexing mode only and not in transmit diversity mode.

A The, AUAO#I1- &@ll.Ch  where. isthe number of transmit antennas and . is equal

to the number of receive antennas.

A The rank of the channel is assumed to be equal to the layer count. NetSim does n [@etform

any Rank indicator (RI) computations.

A Each layer is reduced to a flat fading SISO channel, i.e., forlayerBp E , AUAO# 1 O1 O

u 1@ x
where, @ is the symbol transmitted, } is the corresponding eigenvalue of the Wishart matrix
obtained as in the previous section, x is circular symmetric complex Gaussian noise, and

U is the complex valued baseband received symbol.

A Since the distance between the transmitter and receiver is much larger than the antenna
spacings, a common pathloss is assumed for every layer. The pathloss is modelled, as
usual, using distance dependent pathloss (power law), log normal shadowing, and a

statistical model for fast fading (e.g., Rayleigh fading).

A Then, given the transmit power in the symbol @hthe layer SNR can be obtained directly
from the flat fading SISO equivalent model displayed above.
A It is assumed that the transmit power is equally split between all , A U fkaDdhitted. At a

high SNR, (iterative) water-filling will lead to nearly equal power allocation across all

subcarriers and all layers [1].

A The transmit power (or total radiated power) is not split equally among the antennas. The
per-antenna power depends on the beamforming vector used. For example, if the (eigen)
beamforming vectoris phrt  in the 2-antenna case, all the power is radiated out of the first

antenna. If it is WF‘VT , then the power is split equally among the antennas ... and so on.

NetSim abstracts out the actual beamforming operation and computes the received SINR

when the beamforming vectors are used.
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Downlink parallel transmission to multiple users is enabled by utilising multiple parallel
resource blocks. Within each resource block, all MIMO layers are transmitted to the same
UE.

UEs receive no interference from other gNBs, and a gNB does not receive interference from
UEs connected to any other gNB.

Error free channel: This arises due to the practical fact that the adaptive MCS algorithm
chooses the modulation order and coding scheme based on the SNR, in such a way that

the data is decoded successfully at the receiver with a very high probability.

The MAC scheduler will assign the subcarriers to the UEs. If required, all available

subcarriers can also be assigned to a single UE.

The channel is flat across the bandwidth per user. Modeling frequency selective fading
within each user has been avoided to reduce computation time; NetSim already chooses a
different fading gain every coherence time. Hence a further averaging over frequency is not
modelled. Note that scheduler does not allot RBs based on CQI feedback and hence

modelling frequency selectivity is not necessary.
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Figure 3-10: An example NetSim output showing SINR vs. time for each MIMO layer, as the UE moves

away from the gNB. The beamforming gain is recalculated every coherence time

In summary, NetSim models the effect of eigen-beamforming in MIMO systems via the

eigenvalues of the gram matrix formed using (random) channel instantiations. These eigenvalues

are used to compute layer-wise SNRs and the corresponding CQI. The CQI values are used by

a scheduler to fix the TBS parameters, and this in turn determines the throughput.

NetSim's power lies in its ability to incorporate the impact of link-level factors (such as

beamforming) on the network-level performance with high precision and computational efficiency.
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This, in turn, allows the simulator to scale to 10s of gNBs and 100s of UEs, and yet return

performance results in a short time.
3.9.4 Analog beamforming in the SSB

1.1 n Anal og beamforming, mul tiple antennas are

towards a particular direction (e.gvedaSpA&dRtant

the probability of detecting the SSB from the
2. Anal og beamforming and digital bedaaab®»®>*x mi ng ar e

Analog Beamforming Digital Beamforming

Benefit Array gain Spatial Multiplexing/Diversity
Use the antennas to steer the main
lobe towards the users in a Transmit and receive coding to

particular area (e.g., a sector, and create parallel channels
e.g., using a phased array)

Principle Eigen vector based
Directional (Spatial)
Channel dependent
Channel independent
mmWave Low and Mid Band
Use Case @ Short range Medium and long ranges
LOS NLOS

Table 3-3: Difference between Analog and digital beamforming

3.1 n Net Sim, downlink Analog beamforming is i mpl

broadcast beams channehle. SIS/ PBnCaH og beamf or mi ng

Pt owi || be used in signal strength calcul ati ons

Handover s.

The Analog beam forming gain computed is a wi
A certain fmetteqoneaty)heesburces is deducted
when computing available resources in the PDSC

(OH) and the fractions are different for DL,

Beamf aggr minn Net Sim. Anal og beamforming measur emer

over head.

6. The I niti al access and handovesBlRci dedbnmedr ashb

Yo YQQE 0RBQO o ¢ Q0 VOO Qe
0

YO 'Y

where U is the noise spectral density and & is the channel bandwidth. Recall, that rate (MCS
selection) is based on PDSCH SINR.

o Given the directional beamforming and the periodic transmission bursts we assume that
SSB interference from other gNBs to be NIL. The probability of two SSB (directional)
beams from two gNBs arriving at the same time at a UE is low. Even if this were to occur

then both beams would be impacted almost equally by interference and the relative impact
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is negligible. This stems from the fact that UEs would see nearly equal powers from each
gNB when H/O is occurring. Hence "YU ¥ used.

o Inthe above formula

YEY'QQE G 0QDETHGD O £ O DBRO QEVBDQE 0 "'0HQQE Q

7. Thé&) 6 "YoO éi8Qit he transmit power in the SSB. Thi
transmit power that NetSim uses in PiDS€CHualr atne |
the total power across all | ayers in the data c

8. Net Sim does not (currently) implement Anal og be

Digital beamforming can be enabled in3the PDSCH
9. Anal og beansfuoprppmbig m 5G a6gNBed G (asNBs)

3.9.4.1 Assumptions

Al. The UEOGs optimal receive beam is perfectly ali
shown in the figure below, UE needs to measure RSRP based on the selected best SSB
from serving cell and neighbouring cells, respectively. In the figure, UE measures the SS-
RSRP from SSB with analog beamforming direction 3 from the serving cell, and from SSB
from analog beamforming direction 1 from neighbouring cell. In this example, NetSim
assumes beam 3 from s-gNB and beam 1 from neighbor gNB in perfectly aligned with the

UEG6s receive beams

Serving cell N

) /)
) .,
3 2 4
Y A
N /i_.-'
i 4
- [
VNS 4 // Neighboring cell
\ N '-s._‘_ - /
- ~ .
SRS ,
, S //
1 L ¥ Best S5B
\'\.
A
Best SSB
UE

Figure 3-11: UE Measuring RSRP using Beamforming
A2. Basedon Al, NetSim computes an upper bound on the average Analog beam forming gain
(dB)yasp w I QO O . Here0 is the transmit antenna count at the gNBs and ) is the
receive antenna count at the UE.
A3. The beam selection and alignment are assumed to occur instantaneously. There is no time

delay to account for beam-selection, SSB burst periodicity etc. Users requiring such time
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delays can attempt modelling it using the Handover interruption time variable available in
the gNB properties. In any case, the beam selection/monitoring of the best beams from both
serving and neighbouring cells are assumed to be occurring in parallel with the other data

processing taking place at the UE.
3.9.4.2 Logging

There is a change in radio measurements data logging in comparison with v13.1.

1 The column DL/UL is being replaced as "Channel" and will have three types of entries (i)
PDSCH (i) PUSCH and (jii) SSB.

1 PUSCH/PDSCH transmit/receive powers will continue to be logged on a per MIMO layer
basis.

1 The SSB is transmitted/received as a single stream using all Tx/Rx antennas. Hence this will
have a single value for Tx-power (equal to the gNB Tx-power set in Ul), for Rx-power and for
AnalogBFGain.

3.9.5 Sector Antenna
NetSim implements a 2D parabolic sector antenna as per 3GPP TR 37.840.

The horizontal radiation pattern is given by

i

Or * & Qép ¢

Where,

0 is the front to back ratio (i.e., the ratio of power gain between the front and rear of a directional

antenna). The default setting of 30 dB.

* is the horizontal angle between UE and gNB

. is the 3 dB, or half power, beam width of the antenna.
The sector antenna gain is,

O sh— "CAQE 6 o5 — M

5¢

Where,

‘Op  is the maximum directional gain of the radiation element (in dB) i.e., the gain along the

antenna boresight. The default value is 8 dBi.
The boresight angle denotes the direction of maximum gain, or the highest radiated power.

Angle in NetSim is defined to start at O from the positive X-axis. If positive Y points downward,

the angle increases on clockwise rotation from the positive X-axis. If positive Y points upward, the
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angle increases in an anti-clockwise direction from the positive X-axis. The unit for angle is

degrees.
3.9.6 Fast fading

For a transmitter (QNB or eNB) with t antennas and a receiver with r antennas, the 0 0 channel
gain matrix (between every transmit-receive antenna pair) on a given subcarrier has complex
Gaussian elements. We assume in the standard model that the complex Gaussian elements are
statistically independent across elements (which is the case the antennas are spread sufficiently
far apart, e.g., of the order of a few wavelengths), and each element is a circularly symmetric

Gaussian. We denote this matrix by H.

In NetSim, Fast-Fading is modeled by the elements of the H-Matrix being time-varying, with some
coherence time. NetSim abstracts out the actual (digital) beamforming operation and computes
the received SINR when the beamforming vectors are used. The MIMO link is modelled by parallel
SISO channels, and the beamforming gain/loss would be equal to Eigenvalues of the Gram matrix
of H (which would also be time-varying). This is the case when the transmitter/receiver use Eigen
beamforming to precode/combine the signals across antennas, respectively. In turn, it assumes
the availability of channel state information at both the transmitter and receiver. In the case where
multiple layers are transmitted to different users, the interference is calculated by considering its
statistics, by assuming that the channels between the base station and the different users to be

independent of each other.
3.9.7NR Frequency Bands

The definition of frequency ranges is per the table given below Table 3-4.

Frequency range .
s G eieT Corresponding frequency range

FR1 410 MHz i 7125 MHz
FR2 FR2-1 24250 MHz 7 52600 MHz
FR2-2 52600 MHz T 71000 MHz

Table 3-4: NR Frequency Bands Ranges
3.9.71NRBandi FR1

The FR1 bands (per 3GPP TS 38.101-1 V15.5.0 (2019-03)) implemented in NetSim are those

that run:

9 TDD single band in Duplex mode, namely n34, n38, n39, n40, n41, n50, n51, n77, n78, n79,
n259, n260, n261 and n262 as shown below in Table 3-5.

91 FDD Single band in Duplex mode, namely nl1, n2, n3, n5, n7, n8, n12, n20, n25, n28, n66,
n70, n71 and n74 as shown below in Table 3-5.
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NR Uplink (UL) operating Downlink (DL) operating
operating . 2l . b.and .
band BS receive / UE transmit BS transm|t"/ UE receive
Fut low T FuL nigh FoL low T FoL high

nl 1920 MHz 7 1980 MHz 2110 MHz 7 2170 MHz FDD

n2 1850 MHz 7 1910 MHz 1930 MHz i 1990 MHz FDD
n3 1710 MHz i 1785 MHz 1805 MHz i 1880 MHz FDD

n5 824 MHz i 859 MHz 869 MHz i 894 MHz FDD
n7 2500 MHz i 2570 MHz 2620 MHz 7 2690 MHz FDD
ng 880 MHz i 915 MHz 925 MHz 1 960 MHz FDD
ni2 699 MHz 1 716 MHz 729 MHz i 746 MHz FDD
n20 832 MHz 1 862 MHz 791 MHz 1 821 MHz FDD
n25 1850 MHz i 1915 MHz 1930 MHz i 1995 MHz FDD
n28 703 MHz 1 748 MHz 758 MHz 1 803 MHz FDD
n34 2010 MHz i 2025 MHz 2010 MHz 7 2025 MHz TDD
n38 2570 MHz i 2620 MHz 2570 MHz 7 2620 MHz TDD
n39 1880 MHz i 1920 MHz 1880 MHz i 1920 MHz TDD
n40 2300 MHz i 2400 MHz 2300 MHz i 2400 MHz TDD
n41l 2496 MHz i 2690 MHz 2496 MHz i 2690 MHz TDD
n50 1432 MHz i 1517 MHz 1432 MHz i 1517 MHz TDD
n51 1427 MHz 7 1432 MHz 1427 MHz i 1432 MHz TDD
n66 1710 MHz 7 1780 MHz 2110 MHz 7 2200 MHz FDD
n70 1695 MHz i 1710 MHz 1995 MHz i 2020 MHz FDD
n71 663 MHz 1 698 MHz 617 MHz i 652 MHz FDD
n74 1427 MHz i 1470 MHz 1475 MHz i 1518 MHz FDD
n77 3300 MHz i 4200 MHz 3300 MHz i 4200 MHz TDD
n78 3300 MHz i 3800 MHz 3300 MHz i 3800 MHz TDD
n79 4400 MHz 7 5000 MHz 4400 MHz i 5000 MHz TDD
n259 39500 MHz i 43500MHz 39500 MHz i 43500MHz TDD
n260 37000 MHz 1 40000MHz 37000 MHz i 40000MHz TDD
n261 27500 MHz i 28350MHz 27500 MHz i 28350MHz TDD
n262 47200 MHz i 48200MHz 47200 MHz i 48200MHz TDD

Table 3-5: NR operating bands in FR1 in NetSim

3.9.7.1.1 Maximum transmission bandwidth configuration

The maximum transmission bandwidth configuration Ngrg for each UE channel bandwidth and
subcarrier spacing is specified below Table 3-6.

10 15 20 25 30 40 50 60 80 90 100
-

79 106 133 160 216 270 N/A N/A N/A
30 11 24 38 51 65 78 106 133 162 217 245 273
60 N/A 11 18 24 31 38 51 65 79 107 121 135

Table 3-6: Maximum transmission bandwidth configuration NRB

3.9.7.1.2 Minimum guard band and transmission bandwidth configuration

The minimum guardband for each UE channel bandwidth and SCS is specified below Table 3-7.
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SCS 5 10 25 30 40 50 60 80 90 100
(kHz) | MHz | MHz | MHz Z | MHz | MHz | MHz | MHz MHz MHz | MHz | MHz

15 2425 3125 3825 4525 5225 5925 5525 692.5 N/A N/A | N/A
30 505 665 645 805 785 945 905 1045 825 925 885 845
60 N/A 1010 990 1330 1310 1290 1610 1570 1530 1450 1410 1370

Table 3-7: Minimum guard band for each UE channel bandwidth and SCS (kHz)

NOTE: The minimum guard bands have been calculated using the following equation:

6 w P MIT@Od 0 Y6 Y

C

YO "Yp q

where. are from Error! Reference source not found.. The minimum guard band of receiving BS S

CS 240 kHz for each
UE channel bandwidth is specified in Table 3-8.

SCS (kHz 100MHz 200 MHz 400 MHz
240 3800 7720 15560

Table 3-8: Minimum guard band (kHz) of SCS 240 kHz from Standards Table 5.3.3-2
3.9.7.2 NRBandi FR2

The FR2 bands (per 3GPP TS 38.101-2 V15.5.0 (2019-03)) implemented in NetSim as shown
below Table 3-9.

Uplink (UL) operating band

Downlink (DL) operating band

Operatin BS receive BS transmit
g Band UE transmit UE receive
N | FuL_high FoL low T FoL high

n257 26500 MHz 29500 MHz 26500 MHz T/ 29500 MHz TDD
n258 24250 MHz 27500 MHz 24250 MHz 27500 MHz TDD
n259 39500 MHz 43500 MHz 39500 MHz 43500 MHz TDD
n260 37000 MHz 40000 MHz 37000 MHz 40000 MHz TDD
n261 27500 MHz 28350 MHz 27500 MHz 28350 MHz TDD
n262 47200 MHz 48200 MHz 47200 MHz 48200 MHz TDD
n263 57000 MHz 71000 MHz 57000 MHz 71000 MHz TDD

Table 3-9: NR operating bands in FR2 in NetSim

3.9.7.2.1 Maximum transmission bandwidth configuration

The maximum transmission bandwidth configuration Ngg for each UE channel bandwidth and
subcarrier spacing is specified in Table 3-10.

Nrs Nrs Nrs Nrs Nrs

60 66 132 264 N/A N/A N/A N/A

120 32 66 132 264 N/A N/A N/A
480 N/A N/A N/A 66 124 248 N/A
960 N/A N/A N/A 33 62 124 148

Table 3-10: Maximum transmission bandwidth configuration Nrs from Standards Table 5.3.2-1
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SCS 50 100 200 400 800 1600 2000
(kHz) MHz MHz MHz MHz MHz MHz MHz
60 1210 2450 4930 N/A N/A N/A N/A

120 1900 | 2420 4900 9860 N/A N/A N/A
480 N/A N/A N/A 9680 42640 85520 N/A
960 N/A N/A N/A 9440 @ 42400 85280 | 147040

Table 3-11: Minimum guardband for each UE channel bandwidth and SCS (kHz) from Standards Table
5.3.3-1

3.9.8UE channel bandwidth
3.9.8.1 General

All UEs connected to BS (gNB) have the same channel bandwidth. This is a user settable
bandwidth available in the gNB properties. Bandwidth is a single parameter in TDD; in FDD users
can set DL bandwidth and UL bandwidth. It is currently not possible in NetSim to configure
different channel bandwidths to different UEs connected to a BS.

The above is true even in the case of carrier aggregation (CA). All component carriers (CCs) are

assigned to all UEs, and the pooled OFDM resources are shared between the UEs.
3.9.9Frame structure and physical resources
3.9.9.1 Numerologies

Multiple OFDM numerologies are supported as given by Table 4.2-1 where* and the cyclic prefix
for a bandwidth part are obtained from the higher-layer parameter subcarrierSpacing and

cyclicPrefix, respectively.

H E(U Cyclic prefix

0 15 Normal

1 30 Normal

2 60 Normal, Extended
3 120 Normal

4 240 Normal

5 480 Normal

6 960 Normal

Table 3-12: Supported transmission numerologies from Standards Table 4.2-1

3.9.9.2 Frames and subframes

Downlink and uplink transmissions are organized into frames with "Y p 1| dbration, each

consisting of ten subframes of Y  p | Q@uration. The number of consecutive OFDM symbols

. wsubfMames]| gtsubf hame
per subframe is 65 ' By s o

3.9.9.3 Slots

For subcarrier spacing configuration *, slots are numbered ¢, T8 2“2/ "2 ™§ in

increasing order within a subframe and &, % T8 Fusf ! ;"T“e p in increasing order within a
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frame. There are Uc% |' (,;‘?Jnsecutive OFDM symbols in a slot where 6(% |' d?epends on the cyclic

prefix as given by Table 3-13 and Table 3-14 The start of slot £ in a subframe is aligned in time

with the start of OFDM symbol ¢ 9], { iff the same subframe.

OFDM symbols in a slot can be classified as 'downlink’, ‘flexible’, or 'uplink’. Signaling of slot
formats is described in subclause 11.1 of [5, TS 38.213].

In a slot in a downlink frame, the UE shall assume that downlink transmissions only occur in

‘downlink’ or ‘flexible' symbols.
In a slot in an uplink frame, the UE shall only transmit in 'uplink’ or ‘flexible’ symbols.

A UE not capable of full-duplex communication among a group of cells is not expected to transmit
in the uplink in one cell within the group of cells earlier than Uy 7 xY after the end of the last
received downlink symbol in the same or different cell within the group of cells where Uy .7 «iS
given by Table 3-15.

A UE not capable of full-duplex communication among a group of cells is not expected to receive
in the downlink in one cell within the group of cells earlier than Ot .z x Y after the end of the last
transmitted uplink symbol in the same or different cell within the group of cells where Ot g« is
given by Table 3-15.

H
0
1
2
3
4 14 160 16
5 14 320 32
6 14 640 64

Table 3-13: Number of OFDM symbols per slot, slots per frame, and slots per subframe for normal cyclic
prefix from Standards Table 4.3.2-1.
H JO1T ¢ J/EOAFII'{, A J OO0 A ABA

OUl/ 6110 61106
2 12 40 4
Table 3-14: Number of OFDM symbols per slot, slots per frame, and slots per subframe for extended

cyclic prefix from Standards Table 4.3.2-2.

Transition time FR1 FR2
I e 25600 13792
= 25600 13792

Table 3-15: Transition time N_"Rx-Tx" and N_"Tx-Rx" from Standards Table 4.3.2-3
3.9.9.4 Slot structure in NetSim

We show below the slot structure, in NetSim, for two examples of ° mtand p.
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1. If we take * 1t the number of slots in a sub frame is 1. The total number of slots,

therefore, in aframeisp p 1 p mFor different DL:UL ratios the slot structures are as

follows
Ratio 1:1 Ratio 1:4 Ratio 4:1
Sub Frame ID  Slot Type Sub Frame ID Slot Type Sub Frame ID Slot Type
1 UL 1 UL 1 uL
2 DL 2 DL 2 DL
3 UL 3 UL 3 DL
4 DL 4 UL 4 DL
5 UL 5 UL 5 DL
6 DL 6 UL 6 UL
7 UL 7 DL 7 DL
8 DL 8 UL 8 DL
9 UL 9 UL 9 DL
10 DL 10 UL 10 DL

Table 3-16: The Slot structures for different DL:UL ratios when* 1t
2. For' p, the number of slots in a sub frame is 2. The total number of slots, therefore, in

aframeis¢ p 1t ¢ mFor different DL:UL ratios the slot structures are as follows

Ratio 1:1 Ratio 1:4 Ratio 4:1
Sub Frame ID Slot Type Sub Frame ID Slot Type  Sub Frame ID  Slot Type
1 UL 1 UL 1 UL
1 DL 1 DL 1 DL
2 UL 2 UL 2 DL
2 DL 2 UL 2 DL
3 UL 3 UL 3 DL
3 DL 3 UL 3 UL
4 UL 4 DL 4 DL
4 DL 4 UL 4 DL
5 UL 5 UL 5 DL
5 DL 5 UL 5 DL
6 UL 6 UL 6 UL
6 DL 6 DL 6 DL
7 UL 7 UL 7 DL
7 DL 7 UL 7 DL
8 UL 8 UL 8 DL
8 DL 8 UL 8 UL
9 UL 9 DL 9 DL
9 DL 9 UL 9 DL
10 UL 10 uL 10 DL
10 DL 10 UL 10 DL

Table3-172 The Slot structures for different DL: Ul
For a DL/UL mixed configuration, the first slot in NetSim always UL and the second slot is

always DL, and subsequent slots are based on the DL:UL ratio set.
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3.9.10 Channel state information

Perfect CSIT and CSIR: The channel matrix H is assumed to be known perfectly and
instantaneously at the transmitter and receiver, respectively. With perfect CSIT the transmitter

can adapt its transmission rate (MCS) relative to the instantaneous channel state (SNR).
3.9.10.1 Channel quality indicator (CQI)

The CQI indices and their interpretations are given in Table 3-18 or Table 3-20 for reporting CQI
based on QPSK, 16QAM and 64QAM. The CQI indices and their interpretations are givenin Table
3-19 for reporting CQI based on QPSK, 16QAM, 64QAM and 256QAM.

A CQI is computed for all the symbols in one TB, based on the SNR calculated on the data
channels (DL and UL). The SNR calculation is done at the start of the simulation, then every UE
measurement interval and at every instant a UE moves. In calculating SNR, the noise power is
obtained from 0’ "Q “Y 6. Based on the SNR, the Adaptive Modulation and Coding (AMC)
functionality determines the values of Q, the modulation order, and R, the code rate, in the TBS
formula. The SNR is computed on a per UE level for UL and DL.

The modulation order and code rate are based on the table chosen by the user. In the GUI users
can sel ec torreSpgorading te Table 3-18), i t adorresp@ndling to Table 3-19) or
fi t a b (coerésponding to Table 3-20). Block error probability is currently not implemented in
NetSim and hence is not used for deciding the table.

NetSim does not implement Sub-band Offset. The AMC determines a wideband CQI which
indicates the highest rate Modulation and coding scheme (MCS), that it can reliably decode, if the

entire system bandwidth were allocated to that user.
A combination of modulation scheme and transport block size corresponds to a CQI index if:

i the combination could be signaled for transmission on the PDSCH in the CSI reference
resource according to the Transport Block Size determination described in Subclause
5.1.3.2, and

T the modulation scheme is indicated by the CQI index, and

T the combination of transport block size and modulation scheme when applied to the
reference resource results in the effective channel code rate which is the closest possible
to the code rate indicated by the CQI index. If more than one combination of transport block
size and modulation scheme results in an effective channel code rate equally close to the
code rate indicated by the CQI index, only the combination with the smallest of such
transport block sizes is relevant.

| CQlindex modulation code rate x 1024  Efficiency
0 out of range
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1 QPSK 78 0.1523
2 QPSK 120 0.2344
3 QPSK 193 0.3770
4 QPSK 308 0.6016
5 QPSK 449 0.8770
6 QPSK 602 1.1758
7 16QAM 378 1.4766
8 16QAM 490 1.9141
9 16QAM 616 2.4063
10 64QAM 466 2.7305
11 64QAM 567 3.3223
12 64QAM 666 3.9023
13 64QAM 772 4.5234
14 64QAM 873 5.1152
15 64QAM 948 5.5547

Table 3-18: 4-bit CQI Table 1 from Standards Table 5.2.2.1-2

CQlindex modulation code rate x 1024 Efficiency

0 out of range
1 QPSK 78 0.1523
2 QPSK 193 0.3770
3 QPSK 449 0.8770
4 16QAM 378 1.4766
5 16QAM 490 1.9141
6 16QAM 616 2.4063
7 640QAM 466 2.7305
8 640QAM 567 3.3223
9 640QAM 666 3.9023
10 64QAM 772 4.5234
11 640QAM 873 5.1152
12 2560QAM 711 5.5547
13 2560QAM 797 6.2266
14 2560QAM 885 6.9141
15 256QAM 948 7.4063
Table 3-19: 4-bit CQI Table 2 from Standards Table 5.2.2.1-3
CQl index modulation code rate x 1024 Efficiency
0 out of range
1 QPSK 30 0.0586
2 QPSK 50 0.0977
3 QPSK 78 0.1523
4 QPSK 120 0.2344
5 QPSK 193 0.3770
6 QPSK 308 0.6016
7 QPSK 449 0.8770
8 QPSK 602 1.1758
9 16QAM 378 1.4766
10 16QAM 490 1.9141
11 16QAM 616 2.4063
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12 64QAM 466 2.7305
13 64QAM 567 3.3223
14 64QAM 666 3.9023
15 64QAM 772 4.5234

Table 3-20: 4-bit CQI Table 3 from Standards Table 5.2.2.1-4

3.9.11 Modulation order, target code rate, and TBS determination

To determine the modulation order, target code rate, and transport block size(s) in the physical

downlink shared channel, the UE shall first.
i determine the modulation order (0 ) and target code rate (Y)
and second

T the UE shall use the number of layers (F , the total number of allocated PRBs before rate

matching (¢ ) to determine to the transport block size based
3.9.11.1 Modulation order and target code rate determination

The user can select from the following MCS tables, for each gNB and associated UEs, from
the GUI:

A QAM64 Table 3-22 (Table 1)
A QAM256 Table 3-23 (Table 2)
A QAMG4LoWSE Table 3-24 (Table 3)

The UE and gNB then uses this table to determine the modulation order 0 and Code Rate,
Y. The selection is based on looking up the MCS for the given spectral efficiency, which is
computed as explained in 3.9.15. Different tables can be chosen for DL (gNB to UE) and for
UL (UE to gNB). The UL table index selection based on transform precoding selection in the
GUl is given Table 3-21.

\ Transform Precoding MCS Table (PUSCH Config) MCS Table Index

Enabled QAM256 5.1.3.171 2
Enabled QAM64LowSE 6.1.4.171 2
Enabled QAM64 6.1.4.17 1
Disabled QAM256 5.1.3.171 2
Disabled QAM64LowSE 5.1.3.171 3
Disabled QAM64 5.1.3171 1

Table 3-21: Uplink MCS Table index determination based on transform precoding and MCS table
selection in GUI

MCS Index Modulation Order Target code Rate Spectral
Imcs Qm R x [1024] efficiency

0 2 120 0.2344
1 2 157 0.3066
2 2 193 0.3770
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o

251
308
379
449
526
602
679
340
378
434
490
553
616
658
438
466
517
567
616
666
719
772
822
873
910
948

Reserved
Reserved
Reserved

0.4902
0.6016
0.7402
0.8770
1.0273
1.1758
1.3262
1.3281
1.4766
1.6953
1.9141
2.1602
2.4063
2.5703
2.5664
2.7305
3.0293
3.3223
3.6094
3.9023
4.2129
4.5234
4.8164
5.1152
5.3320
5.5547
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Table 3-23: MCS index table 2 for PDSCH from Standards Table 5.1.3.1-2

MCS IndlImvcs

O AN O 0 00 W W W 0w o OO O O O

o

Modulation Order

666
719
772
822
873
682.5
711
754
797
841
885
916.5
948

Reserved
Reserved
Reserved
Reserved

Target code Rate R x

3.9023
4.2129
4.5234
4.8164
5.1152
5.3320
5.5547
5.8906
6.2266
6.5703
6.9141
7.1602
7.4063
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120
157
193
251
308
379
449
526
602
340
378
434
490
553
616
438
466
517
567
616
666
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719 4.2129
772 4.5234
Reserved
Reserved
Reserved

Table 3-24: MCS index table 3 for PDSCH from Standards Table 5.1.3.1-3

3.9.12 Transport block size (TBS) determination

The procedure for TBS determination is standardized in TS 38.214 Section 5.1.3.2 (DL) and
6.1.4.2 (UL). The standard specifies the TBS determination through Step 1, Step 2, Step 3,

and Step 4, all which are implemented in NetSim.

NetSim first determines the TBS as specified below:

1. The UE

shal

fi

rst

des( e rvmi tnhei n hteh en uambetr. o f

A A UE first determines the number of REs allocated for PDSCH within a PRB (0 ) by

0 0 0

physical resource block, .

the slot, .

5

0 , Where 0

p cis the number of subcarriers in a

is the number of symbols of the PDSCH allocation within

is the number of REs for DM-RS per PRB in the scheduled duration and

is the overhead configured by higher layer parameter and 0 is setto 0.

A A UE determines the total number of REs allocated for PDSCH (. ) by 0

i Epufp

€

o]

allocated PRBs for the UE.

g ,where¢

o is the total number of

2.l ntermedi ate numberd ofi si nofbotratianteido nbyb i0t s
v4 " 3 c 2le 6 .
3. Whe oYygt TBS is determined as foll ows
A quantized intermediate number of information bits 0 dooc fir —— |, where
g€ aohl I 0] 0.
A use Table 5.1.3.2-1 find the closest TBS that is not less than 0
Index TBS Index TBS |Index TBS Index TBS
1 24 31 336 61 1288 91 3624
2 32 32 352 62 1320 92 3752
3 40 33 368 63 1352 93 3824
4 48 34 384 64 1416
5 56 35 408 65 1480
6 64 36 432 66 1544
7 72 37 456 67 1608
8 80 38 480 68 1672
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9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30

88
96
104
112
120
128
136
144
152
160
168
176
184
192
208
224
240
256
272
288
304
320

39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

504
528
552
576
608
640
672
704
736
768
808
848
888
928
984
1032
1064
1128
1160
1192
1224
1256
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Table 3-25: TBS for N_inf o (8824 from Standards Table 5.1.3.1-4

4. Wh e b

A quantized intermediate

cwgt TBS

i s det er. mi

number of

i € 6&090— |, where¢

i@

broken towards the next largest integer.

Aif'y P T
YO Y U —
else
if O YT QT
Y6 Y Y —
else
” [ U
YO Yy
end if
end if

else if Table 3-23isused and¢ y ©
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69 1736
70 1800
71 1864
72 1928
73 2024
74 2088
75 2152
76 | 2216
77 2280
78 | 2408
79 2472
80 2536
81 2600
82 | 2664
83 2728
84 2792
85 2856
86 2976
87 3104
88 3240
89 3368
90 3496
ned
information  bits
CT

as

G

f oll ows

G & oo P T

v and ties in the round function are

¢ twhere 6

¢ twhere 6

op
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3.9.13 HARQ
3.9.13.1 Introduction
We start with a brief and simplistic explanation of the HARQ mechanism.

1. Hy bri d aut omati c repeat requestcorniiymat ido nARQ

retransmi ssions and error correction. The HARQ
2.1l n the 5G PHY, a code Dblock group (CBG) is tre
the receiver. I f the CBG issendsebatk!l by AEK e
the CBG is received in error the receiver senc
3. | f the transmitter receives an ACK, it sends
receives a NACK, it retransmits the previousl.y
4. 1 b G, the incorrectly received CBG is not di s c
reransmitted CBG is received, the two CBGs ar

with <bmbéeni ngCCOHARQ

3.9.13.2 Implementation in NetSim

=

HARQ is i mpl emeMB)dand 4G 5G (gNB) in both dow
A HARQ entity is dWeH ipaeidr ,f osre peaarcalt e NB f or Upl i

for each component carrier. The HARQ entity ha

N

a. Max number of HARQ processes is 8 in 460G
b. Maxumber of HARQ processes is 16 in 5G

Each HARQ process transmits one Transport Bl oc
When operating in MI MO, each | ayer handl es a
not transmitted across multiple | ayers.
5, Each TB is spddks i(n@Bs )Coalred bCBs are grouped i
(CBGs) .
6. At the receiver the CBGs are given to a mul tirg
7. CBGs are always retransmitted at the same MCS

comes fspmci hecation of the rate matcher in tI

© TETCOS LLP. All rights reserved Page 69 of 234



Ver 14.0

T x R x

~

|=||'ﬂ \1\ N o -” I:J:i

|
|
1 < .

» 1 &4

I
|
I
Flv et \ — e -
i ACK \_ / VEs
I
I
I

'y \

Figure 3-12: We see the HARQ transmission process. The transmitter sends CBG1 which is errored.
Therefore, the receiver sends a NACK. CBGL1 is then retransmitted (transmission attempt 2). The
receiver then soft combines the first and second transmissions, which is successful and hence sends
back an ACK

8. I n HARQ every retransmission contains the samd
bits). We abstract soft combining and model it
transmitted and retransmitted CBGs. The BLER i

9. The New Data I ndicator (NDI) flag isofsea neéwt h
TB

100.HARQ entity is ter mitmatggdkasso ddiegt handbwv-em a ¢
created at the new gNB after the handover proc

11.HARQ retransmissions have priority over new
processdatmewransmissions are not taken wup wh:
qgueue.

122HARQ processes are multiplexed in time (sl ots)

we had a case with 4 HARQ processes then:

Slot 1 7 HARQ Process 1 > Success

Slot 2 1 HARQ Process 2 > Success

Slot 317 HARQ Process 3 > Error

Slot 47 HARQ Process 4 > Success

Slot 517 HARQ Process 1 > Success

Slot 6 1 HARQ Process 2 > Success

Slot 7 7 HARQ Process 3 > Retransmission Success

... and soon
3.9.13.3 Assumptions and limitations

1. The HARKY MACK i sofsemd wtt he receiver w&medi at
m . ilst then instantaneously and correctly recei

are not | ogged.
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2. | f DL/ UL transmission can occur, ) h AlCKYF NVAE€KS e
will be successful. Specifically, even if the
in the UL wil!/l be correctly received by the g

3.9.13.4 Transmission flow

1. Packets are either split or combined cheo trar
size and the TB size. It is the TB that needs
a.Users can set the application | ayer packet si

The packet size at the MAC is the applPicatio

| ayer overheads. Users can obtain the MAC | a;

b. The TB size is determined by the LTE and 5G
Users can obtain the TB size from the code ©b
seotBi. 9) 12

2. TB are then split to Code bl ocks (CBs) . The
segmentation is &x@lb&ilmevd i n section
3. CBs are grouped into code block groups (CBGs).

a.The max number of CBGs per TB can be set i n
paramdAXrCBG_ _PERI TtBhe Net Sim GUI)

TBs are transmitted by transmitting CBGs, whioc
5. BLER is applied upon CBG reception at the rece
I f any eQB oirs itrhe transmitter retransmits the

of .

7. The receiver then soft combines the first tran

a.Soft combining is modelled by adding fheir S
there were 2 retransmissions, then the combi

6 € GO YQYIOY YOO YOV
BLER is applied on the i mproved (combined) SI N
9.1 f any CB is inudijret, tgpo ttranstmep 6, mit of 4
aThe transmit | imit is user settable in NetSi]|

10.1 £ al | CBGs (in a TB) are successful
11.El se, the entire TB is dropped

, t hen at
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3.9.13.5 Special cases

1.1 f there is a retrans-mageirosaceonhedal etdhen
retransmit data in one | ayer and transmit

during retrasshiesdsii ems altdlmbevs ot her UEs t o

B h enu
new

us e

i s the next TB can only be sent after receiyv

dropped. Therefore, another TB (to the same UE

resoufFoesergampft hMaxghput scheduling is used,
in error the NDI flag is false. When the NDI f

schedul er functi on; only the CB that needs
-aftetrransmi tting 4inhues terbreo réeladl exBa@3s#H®R MAK. Al

t o

SO

note that,-St NB bDB6s MEBGs may al so be errored |

need to be rTentirsanasbnoivtet ecdampl i cating factor

| e

generlail e fb etthhart o WMiplkput s c he dSUINR UEe aggdest tti on gMaax |

with other UEs getting NIL throughput

2. Agai n, c onsliayeerr as cneunlatrii o with CBG errors

i n

PRBs should then be allocaowd mhoy fefr amsmidsas

di ffer®2nt sUukEcsh cases NetPRiBmecgal celdatf @es atsleé¢ r ans

the omBRBs required for ret.ransmission in each

3.9.13.6 Logging

A -] c D E F G H ! ) K L M N o P Q R s T u v w i
Time (ms| - gNBId |- gNBIf - UEId |- UEI | - Channel - CA - Frameid - Sub - Slotid - Layerld - |Processid - Re Y TBS - Modulatior - Codel - CBS | - CBS_ - SINR(Combined - BLE - CBG - CBI - NDI__ - Tra -
H 13000.5 10 4 12 1 PDSCH o 1301 1 2 1 1 888 2560AM m 968 888 43169552 o 1 1 TRUE ¢
8| 130005 10 4 12 1 PDSCH [ 1301 1 2 2 1 888 2560AM 711 968 888 50511920 0 1 1 TRUE 4
1| 130005 10 4 12 1 PDSCH 0 1301 1 2 3 1 888 2560AM 711 968 888 56157132 0 1 1 TRUE 4
13000.5 10 4 12 1 PDSCH 0 1301 1 2 4 1 888 2560AM 711 968 838 58.955028 0 1 1 TRUE [
3| 130015 10 4 12 1 PUSCH 0 1301 2 2 1 1 888 256QAM 711 968 888 51730184 0 1 1 TRUE 4
13003 10 4 12 1 PDSCH 0 1301 4 1 1 1 238 2560AM 711 968 288 43169552 0 1 1 TRUE «
| 13003 10 4 12 1 PDSCH ] 1301 4 1 2 1 888 2560AM 711 968 888 50511929 0 1 1 TRUE 4
! 13003 10 4 12 1 POSCH 0 1301 a 1 3 1 888 256QAM 711 968 888 56.157132 0 1 1 TRUE [
| 13003 10 4 12 1 PDSCH 0 1301 a 1 4 1 838 2560AM m 968 888 58955028 0 1 1 TRUE 4
)| 130055 10 4 12 1 PDSCH ] 1301 [ 2 1 1 80808 2560AM 711 B448  BlIZ 43169552 0 1 1 TRUE 4
1| 130055 10 4 12 1 PDSCH 0 1301 6 2 1 1 80808 2560AM 711 8448 Bl 43169552 0 1 2 TRUE 4
13005.5 10 4 12 1 PDSCH 0 1301 [ 2 1 1 80808 2560AM 711 BaM8 8112 43169552 0 2 1 TRUE «
8| 130055 10 4 12 1 PDSCH (] 1301 6 2 1 1 80808 2560AM 711 Ba4 BlL2 43169552 0 2 2 TRUE 4
! 13005.5 10 4 12 1 PDSCH 0 1301 6 2 1 1 80808 2560AM 711 8448 8112 43.169552 0 3 1 TRUE «
3| 130055 10 4 12 1 POSCH 0 1301 6 2 1 1 80808 2560AM 711 B4 812 43169552 0 4 1 TRUE 4
13005.5 10 4 12 1 PDSCH 0 1301 5 2 1 1 8008 2560AM 711 B8 BI12 43169552 0 S 1 TRUE «
13005.5 10 4 12 1 PDSCH ] 1301 6 2 1 1 80808 25604M 711 8448 BlL2 43169552 0 6 1 TRUE 4
3| 130055 10 4 12 1 POSCH 0 1301 6 2 1 1 80808 2560AM 711 8448 8112 43169552 0 7 1 TRUE [
3| 1300555 10 ] 12 1 PDSCH 0 1301 5 2 1 1 80808 2560AM 711 B8 8112 43169552 0 8 1 TRUE 4
)| 130055 10 4 12 1 PDSCH ] 1301 6 2 2 1 80808 2560AM 711 B448  BlI2 50511929 0 1 1 TRUE 4
1| 130055 10 4 12 1 POSCH 0 1301 6 2 2 1 80808 2560AM 711 B8 Bl 50511929 0 1 2 TRUE «
13005.5 10 4 12 1 PDSCH 0 1301 6 2 2 1 80808 2560AM 711 BM8  BII2 50511929 0 2 1 TRUE 4
3| 130055 10 4 12 1 PDSCH (] 1301 6 2 2 1 80808 2560AM 711 8448 BlL2 50511920 0 2 2 TRUE 4
! 13005.5 10 4 12 1 PDSCH o 1301 6 2 2 1 80808 2560AM 711 8448 8112 50.511929 o 3 1 TRUE C
13005.5 10 a 12 1 PDSCH 0 1301 6 2 2 1 80808 2560AM 711 8448 8112 50511929 0 4 1 TRUE 4
13005.5 10 4 12 1 PDSCH [ 1301 6 2 2 1 80808 2560AM 711 B448  BlL2 50.511920 0 5 1 TRUE q

Figure 3-13: HARQ log file showing code block transmission. Here CBS__ represents the information

bits within a code block (CBS column).

1. Transmission attempts 1, 2, 3 and 4 are indexed as 0, 1, 2, 3. If the 4th attempt is errored,
the CBG is dropped.

2. Packet trace only | ogs fApacketo fl ow, and
the packet trace logs a packet in the MAC OUT of the transmitter and subsequently if
received successfully at the MAC IN of the receiver. If the packet is errored, it is also
marked in the packet trace.
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3. Note that if a TB is in error than all the packets that were part of the TB will be marked

as error.

4. The transmission/re-transmission of CBs is logged in the Code Block logfile.

5. The remarks column would have messages for HARQ preparation and would be blank

for actual transmissions.

© N o

CBGID is also on a per layer basis

TBS is always logged on a per layer basis.

SINR reported in the CBG log is the post-soft combining SINR.

Time (ms] - gNBId |- gNBIf |- UEId |- UEIf |- Channel - CA - Frameld - Sub - Slotld |- Layerld - Processid - Re T TBS - Modulatior ~ Codel - CBS | - CBS_ | - SINR[Combined - |BLI
160.999 9 ) 1 1 0 17 1 2 0 N/A HARQ entity created
160.999 9 4 13 1 0 17 1 2 0 N/A HARQ entity created
160.999 10 4 12 1 o 17 1 2 0 N/A HARQ entity created
160.999 10 4 14 1 0 17 1 2 0 N/A HARQ entity created
161 9 4 1 1 PUSCH 0 17 2 1 0 1 Process number = 1, NDI = True, Transmission number = 0
161 9 4 13 1 PUSCH 0 17 2 1 o 1 Process number = 1, NDI = True, Transmission number = 0
161 9 4 1 1 PUSCH [} 17 2 1 (1] 1 Allocated PRBs for new data =0
161 9 4 13 1 PUSCH 0 17 2 1 0 1 Allocated PRBs for new data = 0
161 10 4 12 1 PUSCH 0 17 2 1 0 1 Process number = 1, NDI = True, Transmission number = 0
161 10 4 14 1 PUSCH 0 17 2 1 0 1 Process number = 1, NDI = True, Transmission number = 0
161 10 4 12 1 PUSCH o 17 2 1 o 1 Allocated PRBs for new data =0
161 10 4 14 1 PUSCH 0 17 2 1 0 1 Allocated PRBs for new data = 0
161.5 9 4 1 1 PUSCH 0 17 2 2 0 1 Process number = 1, NDI = True, Transmission number =0
161.5 9 4 13 1 PUSCH 0 17 2 2 o 1 Process number = 1, NDI = True, Transmission number = 0
1615 9 4 1 1 PUSCH 0 17 2 2 0 1 Allocated PRBSs for new data =0
161.5 9 4 13 1 PUSCH 0 17 2 2 0 1 Allocated PRBs for new data = 0
161.5 10 4 12 1 PUSCH ] 17 2 2 o 1 Process number = 1, NDI = True, Transmission number = 0
161.5 10 4 14 1 PUSCH 0 17 2 2 0 1 Process number = 1, NDI = True, Transmission number = 0
161.5 10 4 12 1 PUSCH 0 17 2 2 0 1 Allocated PRBs for new data =0
161.5 10 4 14 1 PUSCH 0 17 2 2 0 1 Allocated PRBs for new data = 0
162 9 4 1 1 PUSCH 0 17 3 1 0 1 Process number = 1, NDI = True, Tra
162 9 4 13 1 PUSCH 0 17 3 1 0 1 Process number = 1, NDI = True, Traj
162 9 4 1 1 PUSCH 0 17 3 1 0 1 Allocated PRBs for new data =0
162 9 4 13 1 PUSCH 0 17 3 1 0 1 Allocated PRBs for new data = 0
162 10 4 12 1 PUSCH ] 17 3 1 o 1 Process number = 1, NDI = True, Transmission number = 0
162 10 4 14 1 PUSCH 0 17 3 1 0 1 Process number = 1, NDI = True, Transmission number = 0

Figure 3-14
3.9.13.7 HARQ turn off

: HARQ log showing HARQ working via information provided in the Remarks columns

There are ongoing discussions of abandoning of HARQ for the 1 ms end-to-end latency use

case of URLLC. This decision implies that the code rate had to be lowered such that a single

shot transmission, i.e., no retransmissions and no feedback, achieves the required BLER.

NetSim allows users to turn HARQ OFF via the GUI. Note that the code block log will continue

to be written. Users will notice that errored CBGs are not retransmitted if HARQ is turned OFF.

Since the CB/CBG is in error, that entire TB to which it belongs will be in error.

Users can inspect the packet trace and will see large numbers of packets errors if HARQ is
turned OFF and if the UE is seeing a high BLER.

3.9.14 Segmentation of transport block into code blocks

1. If the transport block size is larger than 3824, a 16-bit CRC is added at the end of the

transport block or 24-bit CRC is added.

2. The transport block is divided into multiple equal size code blocks when the transport block

size exceeds a threshold.

3. For quasi-cyclic low-density parity-check code (QC-LDPC) base graph 1, the threshold is
equal to 8448.

© TETCOS LLP. All rights reserved
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For QC-LDPC base graph 2, the threshold is equal to 3840. In 5G NR, the maximum code
block size number is 8448.

An additional 24-bit CRC is added at the end of each code block when there is a
segmentation.

A CBG can have up to 2/4/6/8 CBs.

Maximum transport block size - 1,277,992.

LDPC BG 1, CBS Max, (0 ) = 8448, LDPC BG 2, CBS Max, (0 ) = 3840

0

U

YES NO LDPC =HG CBS22x Zc

NoO

| |
B
F = ——-
¢ Kcb— L
l CBS$S10x Zc
B’ = TBS B =TBS+CXL
! BI
L, K=F e

Extra CRC bits, 0 Number of Code blocks, "Y6 Y Size of Transport block,

Information bits in code block. The base matrix expansion factor ¢ ds calculated by

selecting minimum ¢ dn all sets of lifting size tables, such that: 0 & V.0 denotes the

number of information bit columns for the lifting size & &

3.9.15 BLER and MCS selection

NetSim GUI allows users set the BLER, via the BLER drop down option. This option has two

settings, and each setting in-turn has different options for MCS selection. Both BLER and MCS

selection are global options and will apply to all gNBs and UEs in both DL and UL in the network

scenario.

1.

Zero BLER
A MCS Selection: Ideal Shannon theorem-based rate

1 MCS is chosen from the 3GPP (spectral efficiency to MCS) table assuming ideal
Shannon rate whereby
YHQ®MO T Ga OO QDG
9 Data is transmitted at this MCS with zero BLER

© TETCOS LLP. All rights reserved Page 74 of 234



Ver 14.0

9 The spectral efficiency to MCS table is explained in section 3.9.11.1 (Modulation order

and target code rate determination)
A MCS Selection: Shannon rate with attenuation factor

1 MCS is chosen from the 3G (spectral efficiency to MCS) table per the following
expression provided in TR 36.942:
YN Qaod @QQOQQd @ YOO 'Y

1 | isthe attenuation factor and generally T@® | p38t iDefault: T L
9 Data is transmitted at this MCS with zero BLER.
f A more general formula, available in literature, is "YR i Q@01 & 0"QQONHQQE O

T "Y'OO0 Withmt | p. This can be easily programmed in NetSim by modifying the
code to includet and then rebuilding it.

1 "Y'O0inthe above expressions is in linear scale
2. BLER Enable: Within this, users can set outer loop link adaptation (OLLA) to True or False

T OLLA False: The MCS is chosen in exactly the same way as described in the Zero

BLER case. Data is, however, transmitted at the chosen MCS, with BLER. The BLER

is looked up from Ne-MGS-SiNRzurvest opri et ary BLER
1 OLLA True: In this case, the user needs to set a target BLER (t-BLER), for example

10%. Based upon the set t-BLER an initial MCS is "guessed". Subsequently, the MCS

is dynamically adjusted based on an outer-loop link adaptation algorithm that uses

HARQ ACK-NACK messages. Note that the t-BLER is based on initial transmission

and not after a re-transmission.
3.9.16 BLER-MCS-SINR Curves

NetSim has exhaustive SINR-BLER data for various transport block sizes for all MCSs (1, 2,
..., 28) for Base graphs (1, 2) for all three tables (1, 2, 3). The SINR-BLER data was generated
using an in-house proprietary link-level simulation program and the results have been carefully

validated against published literature.
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3.9.17 Outer Loop Link Adaptation (OLLA) (Part of Adv. 5G)

o ()

HARQ-ACK. ~

Figure 3-15: UE reports CQI based on SINR and the gNB transmits data at an MCS based on CQI
During the downlink AMC process, a user equipment (UE) reports the channel quality indicator
(CQI) of the link to the gNB, as shown in Figure 3-15. This CQI is based on the received
instantaneous signal to interference plus noise ratio (SINR). OLLA is a feedback loop
technique that adjusts the instantaneous SINR value by adding or subtracting an offset, using
positive or negative acknowledgement signals (i.e., ACK or NACK respectively). The offset is
updated continuously based on the Hybrid Automatic Repeat Request (HARQ)
acknowledgement feedback, such that the average Block Error Rate (6 0 "®) converges to a
predefined target (6 0 "©

\UE |
e R S
[ SINR | @MS A je——
| to | | |
| cqr | —S4———»[CQlwSINR !
| : | |
! I
! 1

Figure 3-16: MCS selection per inner loop link adaptation (without OLLA)

Rate adaptation has two parts:

A aninner loop adaptation where the SINR measured by the user is used as an anchor to

determine the transmission rate. This transmission rate is fed back, and

A OLLA is used at the base-station to make appropriate corrections to this transmission
rate
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Figure 3-17: MCS selection with OLLA

The OLLA compensation is as follows:
& Q 3 TQp & QO 3 p Q0

Where QQ s an indicator variable whose value is 0 for ACK and p for NAC

I S R ¢ ) A N S 0>
All terms in the above expression have units of dB. We can see that a positive value of 3

leads to a lower value off  , which translates into a pessimistic interpretation of the reported

channel conditions and the selection of a conservative MCS. Conversely, a negative value of

3 leads to a higher [, translating into an optimistic interpretation of the channel
conditions and the selection of an aggressive MCS. At the beginning of each radio resource
control (RRC) connection, 3 is initialized to a fixed value, 3= , defined on a cell basis. As
the connection progresses, 3 is progressively modified by OLLA based on HARQ
feedback.

When a positive acknowledgment (ACK) is received, 3 is decreased by 3 , and when

a negative acknowledgment (NACK) is received, 3 is increased by 3 . The ratio —

controls the target BLER that OLLA converges to, and is given by

600 Jif | 3

Typical values for 3 and 3 are 1 dB and 0.1 dB, respectively, to ensure quick recovery

from high BLER situations and smooth convergence to equilibrium. These values yield a target
BLER of 0.1 (10%).

Note that the target BLER is only reached at the end of large activity connections, for which a
large number of ACKs and NACKSs are received by the eNB. For these connections, OLLA
reaches steady state and &OLLA fluctuates
errors. In contrast, for small activity connections, convergence is not guaranteed, unless

&20OLLA i s proper lay idtoolate,lral isinitaly far b¥liwehe actual channel
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conditions. This leads to an excessively conservative selection of the initial MCS and,
therefore, user throughput is below the maximum achievable value. Considering a typical value
of 3 = 0.1 dB, OLLA needs at least 10 consecutive successful transmissions (i.e., 10 ms)
to compensate for a 1 dB bias in SINR reporting. On the other hand, when 3 is too small,
r is far above the actual channel conditions and a too aggressive MCS is initially selected.
This causes high BLER figures and unnecessary retransmissions, thus lowering the net user

data flow. In both cases, user throughput is negatively affected.

The target BLER for OLLA is at a transport block level and is defined as the ratio of TBs errored
to the TBs transmitted. In the NetSim PHY, TBs are split into code blocks (CBs), which are
sent over the air. CBs are aggregated into code block groups (CBG); the HARQ plus soft
combining operates at a CBG level.

3.9.18 Out of coverage

As explained in the assumptions, NetSim does not model physical control channels or
reference signals. All measurements are made on the physical data channels. The downlink
received SNR is determined from large scale pathloss and shadowing calculated per the
stochastic propagation models in the 3GPPTR38.900 standard, and fast fading calculated from
the H matrix. This SNR calculation is done at the start of the simulation, and then at every
instant a UE moves. It is a single wideband measurement at the center frequency. Interference
from other gNBs is not considered in the SNR calculations.

Out of coverage in NetSim is based on the calculated spectral efficiency of the physical data

channel. Spectral Efficiency is equal to 6 ® p — . A UE is out-of-coverage when this

spectral efficiency falls below a threshold. This threshold is the value of the spectral efficiency
of index 1 per 3GPP 38.214 Table 5.2.2.1.-2 for CQI Table 1, or 5.2.2.1.-3 for CQI Table 2, or
5.2.2.1.-4 for CQI Table 3.

The NetSim log would report CQI as 0 whenever this condition occurs. Note that the RRC
connection is not released and NetSim does not currently model Radio Link Failures (RLF). If
the UEG6s spectr al efficiency, with the d#aame ser
transmissionsc an occur . Due to mobility, i f the UEOGs s

crosses threshold then handover procedure is initiated.
3.9.19 Carrier Aggregation

In NetSim carrier aggregation (CA) is done in both DL and in the UL. When doing CA, the PHY
layer is separate for each component carrier (CC). Thus, each CC will have a different
pathloss, SINR and TBS. Then the resources of all component carriers (CCs) are pooled at

the MAC, and scheduling is across the pooled resources. However, in practice each UE may

© TETCOS LLP. All rights reserved Page 78 of 234



Ver 14.0

be assigned resources from a particul adectv@C. Si nc
channel fading, there is generally negligible difference in network performance between

allotting from a pool vs. allotting from one CC. The exception is when the data demand from

any UE is greater than the capacity of a CC.

NetSim v13.3 GUI by default has options for single band and 2-band carrier aggregation.
Loading all CA options i single band, 2 component carriers (CCs) and more than 2 CCs i

requires the following change to be carried out.

A Go to <NetSim-Install-directory>/docs/xml (for example C:\Program
Files\NetSim\Pro_v13 3\Docs\xml). Here you will find two folders (i) Properties, and (ii)
Properties_5G_All_Carriers. NetSim GUI by default reads from the Properties folder
which has only single band and 2CC CA.

A Rename the Properties folder as say Properties 1CC_2CC and then rename
Properties_5G_All_Carriers as Properties. Once this is done NetSim GUI will read the
new properties folder which support all CA options as explained in the section below.

A The reason for having a separate folder with single band and 2 CC is because loading
all CA folder takes a long time in NetSim GUI.

3.9.20 CA Configuration Table (based on TR 38 716 01-01 Rel 16 NR)

The Intraband CA configuration is based on TR 38716 01-01 Rel 16 NR. The interband CA
configuration is based on 38 than716 02-00 for 2 bands DL / x bands UL, and TR 38.716 03
01 for 3 bands DL and 1 band UL. Carrier aggregation can be configured in the gNB's Physical
layer properties. Following are the various configuration options that are available:

TDD Bands
CC Configuration Table

. Uplink
: . CcC Frequency | Uplink Low .
CC Configuration Count CC Type Range (MH2) I&lgf;

INTER_BAND_CC

CC_2DL_1UL_n39_n41 2 CC1,CC2 FR1 1880, 2496 %ggg’
CC_2DL_2UL_n39_n41 2 CC1,CC2 FR1 1880, 2496 %ggg'
CC_2DL_1UL_n41_n79 2 CC1,CC2 FR1 2496, 4400 gggg’
CC_2DL_2UL_n41_n79 2 CC1,CC2 FR1 2496, 4400 éggg'
CC_2DL_1UL_n40_n41 2 CC1,CC2 FR1 2300, 2496 3288'
CC_2DL_2UL_n40_n41 2 CC1,CC2 FR1 2300, 2496 gggg'
CC_2DL_1UL_n50_n78 2 CC1,CC2 FR1 1432, 3300 égég'
CC_2DL_2UL_n50_n78 2 CC1,CC2 FR1 1432, 3300 égég'
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CC_2DL_1UL_n41_n50 2 CC1,CC2 FR1 2496, 1432 fgig
CC_2DL_2UL_n41_n50 2 CC1,CC2 FR1 2496, 1432 i223
CC_2DL_1UL_n39_n79 2 CC1,CC2 FR1 1880, 4400 égég
CC_2DL_2UL_n39_n79 2 CC1,CC2 FR1 1880, 4400 2338
CC_2DL_1UL_n40_n78 2 CC1,CC2 FR1 2300, 3300 2383
CC_2DL_2UL_n40_n78 2 CC1,CC2 FR1 2300, 3300 3388
CC_2DL_1UL_n40 n79 2 CCl,CC2 FR1 2300, 4400 2383
CC_2DL_2UL_n40_n79 2 CC1,CC2 FR1 2300, 4400 2388
CC_2DL_1UL_n77_n258 2 CC1,CC2 FR1,FR2 3300, 24250 g%ggb
CC_2DL_2UL_n77_n258 2 CC1,CC2 FR1,FR2 3300, 24250 g%ggb
CC_2DL_1UL_n78_n258 2 CC1,CC2 FR1,FR2 3300, 24250 33286
CC_2DL_2UL_n78_n258 2 CCl1,CC2 FR1,FR2 3300, 24250 33286
CC_2DL_1UL_n79_n258 2 CC1,CC2 FR1,FR2 4400, 24250 33236
CC_2DL_2UL_n79_n258 2 CC1,CC2 FR1,FR2 4400, 24250 23286
CC_2DL_1UL_n78_n257 2 CC1,CC2 FR1,FR2 3300, 26500 33286
CC_2DL_2UL_n78_n257 2 CC1,CC2 FR1,FR2 3300, 26500 33286
CC_2DL_1UL_n41_n260 2 CC1,CC2 FR1,FR2 2496, 37000 igggb
CC_2DL_2UL_n41_n260 2 CC1,CC2 FR1,FR2 2496, 37000 igggb
INTRA_BAND_CONTIGUOUS_CC

CC_2DL_n41C_1UL_n41A 2 CC1,CC2 FR1 2496, 2496 3238
CC_2DL_n257G_2UL_n257G 2 CC1,CC2 FR2 26500, 26500 33288
29500,

CC_3DL_n257H_3UL_n257G 3 CCL,CC2, | gy 26500, 26500, | 5950y,

_3DL_| _SUL_ cc3 26500

29500
29500,

CC_3DL_n257H_3UL_n257H 3 CCL, CC2, gy 26500, 26500, 5950

_3DL_ _SUL_ cc3 26500

29500
29500,

CC1, cCc2, 26500, 26500, 29500

CC_4DL_n257I_4UL_n257G 4 oCa cea | FR2 26500 26500 29500
29500
29500,

CC1, cC2, 26500, 26500, = 29500

CC_4DL_n257I_4UL_n257H 4 CCa Cea | FR2 26500 26500 29500
29500
29500,

CC1, CcC2, 26500, 26500, 29500

CC_4DL_n257_4UL_n2571 4 oCa cea | FR2 26500 26500 29500
29500
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29500,
CcCl, cc2, 26500, 26500,  29500.

CC_5DL_n257J_5UL_n257G 5 CC3.CC4  FR2 26500, 26500, 29500.
cCs 26500 29500

29500

29500,

CcCl, cc2, 26500, 26500, 29500

CC_5DL_n257J 5UL_n257H 5 CC3.CC4  FR2 26500 26500, 29500
cCs 26500 29500

29500

29500,

CCl, cC2, 26500, 26500,  29500.

CC_5DL_n257J 5UL n2571 5 CC3.CC4  FR2 26500, 26500, 29500.
cCs 26500 29500

29500

29500,

CC1, cC2, 26500, 26500, 29500

CC_5DL_n257J 5UL n257J 5 CC3.CC4  FR2 26500 26500, 29500
CCs 26500 29500

29500

29500,

CC1l, CC2, 26500, 26500, ggggg

CC_6DL_n257K_6UL_n257G 6 CC3.CC4  FR2 26500, 26500,  50200"
CC5. CC6 26500, 26500 2000

29500

29500,

CC1, CC2, 26500, 26500, ggggg

CC_6DL_n257K_6UL_n257H 6 CC3.CC4  FR2 26500, 26500, 50200
CC5. CC6 26500, 26500 50200

29500

29500,

CC1, cC2, 26500, 26500, ggggg

CC_6DL_n257K_6UL_n257 6 CC3.CC4  FR2 26500, 26500,  50200"
CC5. CC6 26500,26500 50000

29500

29500,

CC1, CC2, 26500, 26500, ggggg

CC_6DL_n257K_6UL_n257J 6 CC3.CC4  FR2 26500, 26500, 50200
CC5. CC6 26500, 26500 :

29500,

29500

29500,

CC1, CC2, 26500, 26500, ggggg

CC_6DL_n257K_6UL_n257K 6 CC3.CC4  FR2 26500, 26500,  50200"
CC5. CC6 26500,26500 5050

29500

29500,

CC1, CC2, 26500, 26500, ggggg

CC3. CC4. 26500, 26500 :

CC_7DL_n257L_7UL_n257G 7 e e FR2 s, oea0y 29500
cCc7 26500 o,

29500,

29500

29500

ccl, cc2, 26500, 26500, !

CC_7DL_n257L_7UL_n257H 7 s ey PR o, a0, ggggg
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CC_7DL_n257L_7UL_n257J

CC_7DL_n257L_7UL_n257K

CC_7DL_n257L_7UL_n257L

CC_8DL_n257M_8UL_n257G

CC_8DL_n257M_8UL_n257H

CC_8DL_n257M_8UL_n257I

CC_8DL_n257M_8UL_n257J
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CC5, CCe,
cc7v

CC1, CC2,
CC3, CC4,
CC5, CC6,
CC7

CC1, CC2,
CC3, CC4,
CC5, CC¢,
CcC7

CC1, CCz,
CC3, CC4,
CC5, CC6,
CCv

CC1, CC2,
CC3, CC4,
CC5, CCe,
CC7

CC1, CC2,
CC3, CC4,
CC5, CC6,
CC7, CC8

CC1, CCz,
CC3, CC4,
CC5, CCe,
CC7, CC8

CC1, CC2,
CC3, CC4,
CC5, CCe,
CC7, CC8

CC1, CCz,
CC3, CC4,
CC5, CCe,
CC7, CC8

FR2

FR2

FR2

FR2

FR2

FR2

FR2

FR2

26500, 26500,
26500

26500, 26500,
26500, 26500,
26500, 26500,
26500

26500, 26500,
26500, 26500,
26500, 26500,
26500

26500, 26500,
26500, 26500,
26500, 26500,
26500

26500, 26500,
26500, 26500,
26500, 26500,
26500

26500, 26500,
26500, 26500,
26500, 26500,
26500, 26500

26500, 26500,
26500, 26500,
26500, 26500,
26500, 26500

26500, 26500,
26500, 26500,
26500, 26500,
26500, 26500

26500, 26500,
26500, 26500,
26500, 26500,
26500, 26500
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29500,
29500,
29500,
29500
29500,
29500,
29500,
29500,
29500,
29500,
29500
29500,
29500,
29500,
29500,
29500,
29500,
29500
29500,
29500,
29500,
29500,
29500,
29500,
29500
29500,
29500,
29500,
29500,
29500,
29500,
29500
29500,
29500,
29500,
29500,
29500,
29500,
29500,
29500
29500,
29500,
29500,
29500,
29500,
29500,
29500,
29500
29500,
29500,
29500,
29500,
29500,
29500,
29500,
29500
29500,
29500,
29500,
29500,
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CC_8DL_n257M_8UL_n257K

CC_8DL_n257M_8UL_n257L

CC_8DL_n257M_8UL_n257M

CC_n258B

CC_n258C

CC_n258D

CC_n258E

CC_n258F

CC_n258G

CC_n258H

CC_n258lI

CC_n258J

CC_n258K
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CC1, CC2,
CC3, CC4,
CC5, CCe,
CC7, CC8

CC1, CC2,
CC3, CC4,
CC5, CC6,
CC7, CC8

CC1, CCz,
CC3, CC4,
CC5, CC6,
CC7, CC8

CC1, CC2

CC1, CCz,
CC3

CC1, CcCc2

CC1, CC2,
CC3

CC1, CC2,
CC3, CC4

CC1, CC2

CC1, CCz,
CC3

CC1, CC2,
CC3, CC4

CC1, CCz,
CC3, CC4,
CC5

CC1, CC2,
CC3, CC4,
CC5, CC6

FR2

FR2

FR2

FR2

FR2

FR2

FR2

FR2

FR2

FR2

FR2

FR2

FR2

26500, 26500,
26500, 26500,
26500, 26500,
26500, 26500

26500, 26500,
26500, 26500,
26500, 26500,
26500, 26500

26500, 26500,
26500, 26500,
26500, 26500,
26500, 26500

24250, 24250

24250, 24250,
24250

24250, 24250

24250, 24250,
24250

24250, 24250,
24250, 24250

24250, 24250

24250, 24250,
24250

24250, 24250,
24250, 24250

24250, 24250,
24250, 24250,
24250

24250, 24250,
24250, 24250,
24250, 24250
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29500,
29500,
29500,
29500
29500,
29500,
29500,
29500,
29500,
29500,
29500,
29500
29500,
29500,
29500,
29500,
29500,
29500,
29500,
29500
29500,
29500,
29500,
29500,
29500,
29500,
29500,
29500
27500,
27500
27500,
27500,
27500
27500,
27500
27500,
27500,
27500
27500,
27500,
27500,
27500
27500,
27500
27500,
27500,
27500
27500,
27500,
27500,
27500
27500,
27500,
27500,
27500,
27500
27500,
27500,
27500,
27500,
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27500,

27500

27500,

CC1, cC2, 24250, 24250, g;ggg

CC3. CC4. 24250, 24250, :

CC_n258L 7 oo coa FR2 Sro0, oaoeg. | 27500
cCc7 24250 27500,

27500,

27500

27500,

27500,

CC1, CC2, 24250, 24250, 27500

CC3. CCa. 24250, 24250, 27500

Ch izl 8 CCs. cce,  TR2 24250, 24250, 27500
CC7. CC8 24250, 24250 27500

27500,

27500

INTRA_BAND_NONCONTIGUOUS_CC

CC_2DL_n41(2A)_1UL_ndlA 2 CCl,CC2 FR1 2496, 2496 gggg’
40000,

CC1l, CC2, 37000, 37000, 40000

CC_n260(5A) 5 CC3.CC4.  FR2 37000, 37000, 40000,
CC5 37000 40000

40000

40000,

CC1, CC2, 37000, 37000, 28888

CC_n260(6A) 6 CC3.CC4  FR2 37000, 37000, 40000"
CC5. CC6 37000,37000 50000

40000

40000,

CC1, CC2, 37000, 37000, 28888

CC3. CCa. 37000, 37000, ’

CC_n260(7A) 7 Con oo, FR2 37000, 7000, | 40000,
cc7 37000 40000

40000,

40000

40000,

40000,

CC1, CC2, 37000, 37000, 40000

CC3. CCa, 37000, 37000, 40000

CC_n260(8A) < CCs. cc, TR2 37000, 37000, 40000,
CC7. CC8 37000, 37000 40000

40000,

40000

40000,

cCl, cc2, 37000, 37000, 40000

CC_n260(2D) 4 cca.cca R2 37000, 37000 40000,
40000

40000,

CcCl, cc2, 37000, 37000, 40000

CC_n260(2C) & cc3.cca R2 37000, 37000 40000,
40000

CC1, cC2, 37000, 37000, 28888

CC_n260(3G) 6 CC3.CC4.  FR2 37000, 37000, 50000
CC5. CC6 37000, 37000 o000
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40000,
40000

40000,

40000,

CC1, CC2, 37000, 37000, 40000

CC3. CCa. 37000, 37000, 40000

CC i) e ccs. cce,  TR? 37000, 37000, 40000,
CC7. CC8 37000, 37000 40000

40000,

40000

40000,

CC1, CC2, 37000, 37000, 28888

CC_n260(2H) 6 CC3 CC4.  FR2 37000, 37000, 40000
CC5. CC6 37000,37000 59000

40000

40000,

CC1, CC2, 37000, 37000, 40000

CC nZeizn) & cca.cca FR2 37000 37000 40000,
40000

40000,

cC1, cc2, 37000, 37000, 28888

CC_n260(30) 6 CC3 CC4.  FR2 37000, 37000,  40000"
CC5. CC6 37000, 37000 40000"

40000

40000,

40000,

CC1, CC2, 37000, 37000, 40000

CC3. cCa. 37000, 37000, 40000

CC Mg . ccs. cce,  TR? 37000, 37000, 40000,
CC7. cC8 37000, 37000 40000

40000,

40000

40000,

CC1, CC2, 37000, 37000, 28888

CC_n260(2P) 6 CC3 CC4.  FR2 37000, 37000, 40000
CC5. CC6 37000,37000 49990

40000

40000,

40000,

CC1, CC2, 40000

CC3. cca. 37000, 37000, 40000

CC5. CC6. 37000, 37000, 40000

CC7. CC8. 37000, 37000, 40000

CIE IS 12 cco. A 37000, 37000, 40000,
CC10, 37000, 37000, 40000

ccil. 37000, 37000 40000

cC12 40000

40000,

40000

40000,

40000,

CC1, CC2, 37000, 37000, 40000,

CC3. cCa. 37000, 37000, 40000,

CC_n260(2Q) g ccs. cce | FR? 37000, 37000, 40000,
CC7. cC8 37000, 37000 40000.

40000

40000
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CC_n261(2H)

CC_n261(2l)

CC_n261(2D)_n261A

CC_n261(2G)_n261A

CC_n261(3G)_n261A

CC_n261(4G)_n261A

CC_n261(20)_n261A

CC_n261(40)_n261A

CC_n261(70)_n261A
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14

CC1, CCz,
CC3, CC4,
CC5, CC6

CC1, CC2,
CC3, CC4,
CC5, CCe,
CC7, CC8

CC1, CC2,
CC3, CC4

CC1, CCz,
CC3, CC4

CC1, CCz,
CC3, CC4,
CC5, CC6

CC1, CC2,
CC3, CC4,
CC5, CCe,
CC7, CC8

CC1, CcC2,
CC3, CC4

CC1, CCz,
CC3, CC4,
CC5, CCe,
CC7, CC8

CC1, CC2,
CC3, CC4,
CC5, CC6,
CC7, CCs,
CC9,
CC10,
CC11,
CC12,
CC13,
CC14

FR2

FR2

FR2

FR2

FR2

FR2

FR2

FR2

FR2

27500, 27500,
27500, 27500,
27500, 27500

27500, 27500,
27500, 27500,
27500, 27500,
27500, 27500

27500, 27500,
27500, 27500

27500, 27500,
27500, 27500

27500, 27500,
27500, 27500,
27500, 27500

27500, 27500,
27500, 27500,
27500, 27500,
27500, 27500

27500, 27500,
27500, 27500

27500, 27500,
27500, 27500,
27500, 27500,
27500, 27500

27500, 27500,
27500, 27500,
27500, 27500,
27500, 27500,
27500, 27500,
27500, 27500,
27500, 27500
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28350,
28350,
28350,
28350,
28350,
28350
28350,
28350,
28350,
28350,
28350,
28350,
28350,
28350
28350,
28350,
28350,
28350
28350,
28350,
28350,
28350
28350,
28350,
28350,
28350,
28350,
28350
28350,
28350,
28350,
28350,
28350,
28350,
28350,
28350
28350,
28350,
28350,
28350
28350,
28350,
28350,
28350,
28350,
28350,
28350,
28350
28350,
28350,
28350,
28350,
28350,
28350,
28350,
28350,
28350,
28350,
28350,
28350,
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28350,
28350
28350,
CC1, cC2, 27500, 27500, ggggg
CC_n261(2P)_n261A 6 CC3.CC4  FR2 27500, 27500, 50020
CC5. CC6 27500, 27500 50020
28350
28350,
28350,
cCl, cc2, 27500, 27500, 28350
CC3, cc4. 27500 27500, 28350
SE MZe L) sl 8 ccs, cce,  TR? 27500, 27500, 28350,
CC7, cc8 27500 27500 28350
28350,
28350
SINGLE_BAND
n34 1 cc1 FR1 2010 2025
n3s 1 cc1 FR1 2570 2620
n39 1 cc1 FR1 1880 1920
n40 1 cc1 FR1 2300 2400
nal 1 cc1 FR1 2496 2690
n50 1 cc1 FR1 1432 1517
n51 1 cc1 FR1 1427 1432
n77 1 cc1 FR1 3300 4200
n78 1 cc1 FR1 3300 3800
n79 1 cc1 FR1 4400 5000
n257 1 cc1 FR2 26500 29500
n258 1 cc1 FR2 24250 27500
n259 1 cc1 FR2 39500 43500
n260 1 cc1 FR2 37000 40000
n261 1 cc1 FR2 27500 28350
262 1 cc1 FR2 47200 48200
n263 1 cc1 FR2 57000 71000

FDD Bands

. : CcC Frequency F_High

INTER_BAND_CC

CC1_UL 1920 1980
cc2_uL 880 915
CC_n1A_n8A 2 coipL | FR i 2170
cc2_DL 925 960
CC1_UL 1920 1980
cc2_uL 703 748
CC_n1A_n28A 2 ccio. ™R 2110 2170
cc2_pL 758 803
CC1_UL 1710 1785
cc2_uL 880 915
CC_n3A_n8A 2 coipL | FR o 1880
cc2_DL 925 960
Cc1_uL 1710 1785
cc2_uL 703 748
CC_n3A_n28A 2 ccio. ™R 1805 1880
cc2_pL 758 803
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CC_n7A _n28A

CC_n7A_n66A

CC_n20A_n28A

CC_n25A_n71A

CC_n66A_n70A

CC_n66B_n70A

CC_n66(2A)_n70A

CC_n66A_n71A

CC_n66B_n71A

CC_n66(2A)_n71A

CC_n70A_n71A

CC_n66A_n70A_n71A

CC_n66B_n70A_n71A

CC_n66(2A)_n70A_n71A
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CC1_UL
cc2_UL
CC1 DL
CcC2 DL
Ccc1_UL
cc2_ UL
CC1 DL
CC2 DL
CcCc1_UL
cc2_UL
CC1 DL
CcC2 DL
CcC1_UL
cc2_UL
CC1 DL
Ccc2 DL
CC1_UL
Ccc2_UL
CC1_DL
CC2 DL
CcC1_UL
cc2_UL
CC1 DL
CcCc2 DL
CC1_UL
cc2_UL
CC1 DL
CcC2 DL
cc1_UL
cc2_UL
CC1 DL
CC2 DL
CcCc1_UL
cc2_UL
CC1 DL
CcCc2 DL
CcC1_UL
cc2_UL
CC1_DL
CcC2 DL
CC1_UL
Ccc2_UL
CC1_DL
CC2 DL
CcC1_UL
cc2_UL
CC3_UL
CC1 DL
CcC2 DL
CC3 DL
CC1_UL
cc2_UL
CcC3_UL
CC1 DL
CcC2 DL
CC3 DL
CcC1_UL
cc2_UL
CC3_UL
CC1 DL

FR1

FR1

FR1

FR1

FR1

FR1

FR1

FR1

FR1

FR1

FR1

FR1

FR1

FR1

2500
703
2620
758
2500
1710
2620
2110
832
703
791
758
1850
663
1930
617
1710
1695
2110
1995
1710
1695
2110
1995
1710
1695
2110
1995
1710
663
2110
617
1710
663
2110
617
1710
663
2110
617
1695
663
1995
617
1710
1695
663
2110
1995
617
1710
1695
663
2110
1995
617
1710
1695
663
2110
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2570
748
2690
803
2570
1780
2690
2200
862
748
821
803
1915
698
1995
652
1780
1710
2200
2020
1780
1710
2200
2020
1780
1710
2200
2020
1780
698
2200
652
1780
698
2200
652
1780
698
2200
652
1710
698
2020
652
1780
1710
698
2200
2020
652
1780
1710
698
2200
2020
652
1780
1710
698
2200
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CC2 DL 1995 2020
CC3 DL 617 652
INTRA_BAND_CONTIGUOUS_CC
CC1 UL 1920 1980
cc2 UL 1920 1980
2 ccio. M 2110 2170
cc2 DL 2110 2170
cC1 UL 2500 2570
cc2 UL 2500 2570
z ccip. ™M 2620 2690
cC2 DL 2620 2690
CC1 UL 1710 1780
cc2 UL 1710 1780
2 ccipL RL 2110 2200
cc2 pL 2110 2200
cc1 UL 663 698
cc2 UL 663 698
2 ccio. R 617 652
cc2 DL 671 652
INTRA_BAND_NONCONTIGUOUS_CC
CC1_UL 1710 1782
cc2 UL 1710 1785
2 ccip. |FRL 1805 1880
cc2 DL 1805 1880
CC1 UL 2500 32;8
cc2 UL 2500
2 ccioL. M 2620 gggg
cc2 DL 2620
CC1_UL 1850 1915
cc2 UL 1850 1915
z ccip. ™M 1930 1995
cc2 pL 1930 1995
CC1 UL 1710 1780
cc2 UL 1710 1780
2 ccio. M 2110 2200
cc2 DL 2110 2200
SINGLE_BAND
1 cc1 FR1 1920 1980
1 cc1 FR1 1850 1910
1 cc1 FR1 1710 1785
1 cc1 FR1 824 859
1 cc1 FR1 2500 2570
1 cc1 FR1 880 915
1 cc1 FR1 699 716
1 cc1 FR1 832 862
1 cc1 FR1 1850 1915
1 cc1 FR1 703 748
1 cc1 FR1 1710 1780
1 cc1 FR1 1695 1710
1 cc1 FR1 663 698
1 cc1 FR1 1427 1470

© TETCOS LLP. All rights reserved
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3.9.21 PHY: Omitted Features
The currently omitted features include:

A Physical control channels: While calculating the TBS capacity, a fixed overhead is
reduced to account for the control channels. This overhead fraction varies for UL and

DL, across FR1 and FR2, and is provided in the standard.
A Random access procedure

A Power control
3.10 Supported max data rate

For NR, the approximate data rate for a given number of aggregated carriers in a band or band

combination is computed as follows.

0 " ¢
QOE DD wni pm 0 & 8Q 8Y—"Y p 0O

Where,

i 0is the number of aggregated component carriers in a band or band combination
Y Wt gt
i For the '@h Component Carrier, 0 is the maximum number of supported layers

given by higher layer parameter maxNumberMIMO-LayersPDSCH for downlink and
maximum of higher layer parameters maxNumberMIMO-LayersCB-PUSCH and
maxNumberMIMO-LayersNonCB-PUSCH for uplink.

i 0 s the maximum supported modulation order given by higher layer parameter
supportedModulationOrderDL ~ for  downlink and higher layer parameter
supportedModulationOrderUL for uplink.

T "Q is the scaling factor given by higher layer parameter scalingFactor and can take the
values 1, 0.8, 0.75, and 0.4.

T ' isthe numerology (as defined in TS 38.211 [6]).

T "Yis the average OFDM symbol duratiofiY in a s

—
T Note that normal cyclic prefix is assumed, which has 14 ODFM symbols per slot or

p T ¢ symbols per millisecond.
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T 0 " is the maximum Resource Block allocation in bandwidth & ¢  with numerology

‘* as defined in 5.3 TS 38.101-1 [2] and 5.3 TS 38.101-2 [3], where 6 w is the UE
supported maximum bandwidth in the given band or band combination. The number of

subcarriers per physical resource block (PRB) is fixed to 12.
i 0 "O is the overhead and takes the following values.

0.14, for frequency range FR1 for DL

0.18, for frequency range FR2 for DL

0.08, for frequency range FR1 for UL

0.10, for frequency range FR2 for UL

NOTE: Only one of the UL or SUL carriers (the one with the higher data rate) is counted for a cell
operating SUL.

The approximate maximum data rate can be computed as the maximum of the approximate
data rates computed using the above formula for each of the supported band or band
combinations.

For EUTRA in case of MR-DC, the approximate data rate for a given number of aggregated

carriers in a band or band combination is computed as follows.
QOE WD oni pm YSY

Where,
i Ois the number of aggregated EUTRA component carriers in MR-DC band combination.

i "YOYis the total maximum number of DL-SCH transport block bits received within a 1ms
TTI for j-th CC, as derived from TS36.213 [22] based on the UE supported maximum
MIMO layers for the j-th carrier and based on the modulation order and number of PRBs

based on the bandwidth of the j-th carrier.

I The approximate maximum data rate can be computed as the maximum of the
approximate data rates computed using the above formula for each of the supported

band or band combinations.

I For MR-DC, the approximate maximum data rate is computed as the sum of the

approximate maximum data rates from NR and EUTRA.

© TETCOS LLP. All rights reserved Page 91 of 234



Ver 14.0

3.11 Propagation Models (Per 3aGPPTR38.900)

3.11.1 Overview
The pathloss and channel between a UE and a BS depends on:

1 Location: The pathloss depends ormNBtdsmncey&dss | oc at
calculated separately for each connected UE. The pathloss computations are
recomputed every time a UE moves.

1 Scenario: Rural Macro (RMa), Urban Macro (UMa), Urban Micro (Umi). This parameter
is available as Outdoor Scenario in gNB properties > Interface (5G_RAN) > Physical
Layer > Channel Model. Each scenario has a different pathloss model defined in the
standard. This property is common for the gNB and all connected UEs.

1 Whether the UE-gNB is Line-of-sight or Non-line-of-sight (LOS/NLOS): This
parameter is available as LOS probability in gNB properties > Interface (5G_RAN) >
Physical Layer > Channel Model. The pathloss models defined in the standard differ for
LOS and NLOS. This property is common for the gNB and all connected UEs. However,
a different (uniform) random number is sampled for each associated UE so that different
UEs will see different LOS/NLOS channels. For each UE, the LOS/NLOS random
variable is sampled every time a UE moves, and hence a UE may switch from LOS to
NLOS if it moves.

1 Shadow fading: This parameter is available as Shadow fading model in gNB properties
> Interface (5G_RAN) > Physical Layer > Channel Model. This property is common for
the gNB and all connected UEs. In this case, a different log-normal random variable is
sampled for each associated UE. For each UE, the shadow fading random variable is
sampled every time a UE moves.

1 Fading and beamforming: Fast fading is enabled by turning on the parameter Fading
and Beamforming in gNB properties > Interface (5G_RAN) > Physical Layer > Channel
Model. Please see sections 3.9.2 and 3.9.3 for a detailed explanation. In essence, the
eigen value of an (0 0 ) random matrix is the fast-fading gain. Since the random
matrix would be different for each gNB-UE pair the gains would be different. The fast-
fading gains are recomputed every (user settable) coherence time whose default value

is 10ms. The coherence time is common to all UEs attached to a gNB.
NetSim also features Indoor and Outdoor pathloss (PL) models.

1 NetSim GUI (gNB properties > Interface (5G_RAN) > Physical Layer > Channel Model)
allows users to configure both indoor and outdoor PL models. Both indoor and outdoor

options are shown in the GUI irrespective of the underlying scenario.
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1 Based on gNBs/UEs placement within or outside a building NetSim automatically

chooses the indoor/outdoor propagation models. The selection is as follows:
0 Outdoor gNB to Outdoor UE: Outdoor PL model

0 Outdoor gNB to Indoor UE: Outdoor PL till building, then penetration (O2I) loss, and
finally indoor PL within the building

0 Indoor gNB to Indoor UE: Indoor PL model
0 An Indoor gNB cannot be connected to an Outdoor UE in NetSim
3.11.2 Pathloss formulas

The pathloss models are summarized in Figure 3-18 and the distance definitions are indicated
in Figure 3-18 and Figure 3-19. Note that the distribution of the shadow fading is log-normal,

and its standard deviation for each scenario is given in Figure 3-18.

Figure 3-19: Definition of
_ Q K hheQ and Q ,Q for
Standards Figure 7.4.1-1 indoor UTs from Standards figure 7.4.1-2

Figure 3-18: Definition of Q and’Q from

Note that,

Dsi 00 BseET Qsi60Qser Q3 Qa (7.4.1-2)
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Table 7.4.1-1: Pathloss model

Pathloss [dB], fc is in GHz and d is in meters, see Shadow Applicability
note 6 fading range,
std [dB] antenna height
default values
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n3 & l'lﬁ
Optional0, o @ c¢mé QQ o @aE Mg
@ 00)1 (/3 0@ pWAE XNy ¢ mé QQ b3e 0 pa Qg puat
o -
2
e} 00y 1 (/s 6O BN 3 usli& pa Qg puar
! wn 7 N 9oz oo . o
I|o 00 (s o @A E My p P T QBN EQQ
¥ | = Optional 00N;, , 0@ ¢ mé QO "3 & pa Qs puan
o @A € Mg g w
Table 3-27: Pathloss model from Standards Table 7.4.1-1.
Note 1:Breakpoint distance ™, B [ET T res B is the centre frequency in Hz, 4

e
O Tvis the propagation velocity in free space, and ||| ] and |?4| are the effective antenna

heights at the BS and the UT, respectively. The effective antenna heights h'ss and h'ur are
computed as follows: |y by L. Ly kg L. where Jjjand [, are the actual
antenna heights, and |IF is the effective environment height. For UMi |IF 8 O For UMa

|IF DOwith a probability equal to F'—HIH and chosen from a discrete uniform distribution
i
uniform  h B h Ly 8 otherwise. with AM A] 4 given by
h+ m

m
ALl L 8|-2D h o b+ ]

Where,
M O

u | o
I 2D _ 2D = "5 R 0 -2D

Note that |W dependson® rand |?4| and thus needs to be independently determined for every

link between BS sites and UTs. A BS site may be a single BS or multiple co-located BSs.

Note 2: The applicable frequency range of the PL formula in this table is 8 ‘F lw GHz, where

l GHz for RMa and lw GHz for all the other scenarios. It is noted that RMa
pathloss model for GHz is validated based on a single measurement campaign conducted
at 24 GHz.

Note 3:UMa NLOS pathloss is from TR36.873 with simplified format and
BEgipy P <lmwelrvd b0 «Movirp: £
Note 4: |} sy py |+ «lw-lrdv | <vurakacd £ 0 Movaip- $»
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Note 5: Break point distance ™, ilu_{#j} where [l is the centre frequency in Hz, 4t

0O ¥ vis the propagation velocity in free space, and ||| jand |?4| are the antenna

heights at the BS and the UT, respectively.

Note 6: lkdenotes the center frequency normalized by 1GHz, all distance related values are

normalized by 1m, unless it is stated otherwise.
NetSim enforces the following
1 RMa, UMa, UML: If Q p ™ then'Q p .
T InH:IfQ pa then'Q pa

3.11.3 LOS probability

The Line-Of-Sight (LOS) probabilities are given in Table 3-28.

Scenario
RMa ) p ML goopm
Ol/3 (o QeooPT ~
Qwn p T tp Q g oov
UMi - Street p Qg 60 p @
canyon 0Oi, 3 PW .. Qgoso pY ,
' ; Qan P hp @ i
Q ¢ 606 oo Q s 60 %t 00
Uma P
0i,3 PV Qd)h’f%sﬁoop PY | g, QﬂOon)hQﬁé(
Q ¢ 60 @0 Q g 60 T pmm pum
where
T iQ, pa
ON'Q 4 Qs po® .
T tpa Q,; ¢a
Indoor - Mixed P Qg1 pRA
office oo Qg PR .
01, s an—T& b8 ¢ 1 Q gi ¢
e Qg 08 SOPPI
U,Q(A)I’] W I ¢ hprJO( Qm;:j
Indoor - Open P hQ g1 va
office v, Qe L R ,
6:[/3“; Q(JOHW hd Q%TT@
e, Qg T W o . .
Q0 ———— Mt T é ‘1
) n C p® Q i

NOTE: The LOS probability is derived with assuming antenna heights of 3m for indoor, 10m for UMi,
and 25m for Uma

Table 3-28: LOS probability from Standards Table 7.4.2-1
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3.11.4 O2I penetration loss
3.11.4.1 O2I building penetration loss

The pathloss incorporating O2I building penetration loss is modelled as in the following:

00 00 00 00 O m (7.4-2)
where 0, is the basic outdoor path loss given in Subclause 7.4.1, where 'Q; gis replaced by
Qsi 06 Ysei. 0 O is the building penetration loss through the external wall, 0 0 is the

inside loss dependent on the depth into the building, and ,, is the standard deviation for the

penetration loss.

0 0 ischaracterized as:

00 00 pméE® A pm (7.4-3)
0, is an additional loss is added to the external wall loss to account for non-perpendicular
incidence; 0 S ‘ &) _, 'Qis the penetration loss of material ‘(example

values of which can be found in Table 3-29, ] is proportion of "@h materials, where B n

p; and U is the number of materials.

Material Penetration loss [dB] \
Standard multi-pane glass Oci a06 T™Q
IRR glass 0))2c1 o8 T@Q
Concrete 0271 A0aBA TQ
Wood Oc7jaT8UL T Q

NOTE: f is in GHz
Table 3-29: Material penetration losses from Standards Table 7.4.3-1

Table 3-30 gives 0 0 hD 0 , and, for two O2I penetration loss models. The O2I penetration

is UT-specifically generated and is added to the SF realization in the log domain.

Path loss through external wall: Indoor loss: Sta_nd.ard.
0, 6N [dB] 0, e4in [dB] sievietlon:
PO PEl Gpin [dB]
- cl AGO
LU p T E QdtpT Iite ¢ '
Low-loss model ot a1 Aonroa | 0-DQ ser 4.4

. ))2Cl AGO
LV p T & Qi tpr & '

. Aiiaoacs OO ser 6.5
tpr

High-loss model

Table 3-30: O2I building penetration loss model From Standards Table 7.4.3-2
Q ¢ g 1is minimum of two independently generated uniformly distributed variables between 0
and 25 m for UMa and UMi-Street Canyon, and between 0 and 10 m for RMa. Q. ¢ ¢ ishall be
UT-specifically generated.
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Both low-loss and high-loss models are applicable to UMa and UMi-Street Canyon.
Only the low-loss model is applicable to RMa.
3.11.4.2 O2I model usage

The O21 Models such as Low Loss and High Loss are associated with the type of material used
in the buildings and is used to calculate the penetration loss in case of an indoor scenario. In
case of scenario where UE's are not inside a building these parameters will not have any

impact on the results. In an indoor scenario, users will be able to notice difference in the SNR.

3.12 Additional Loss Model

Apart from the channel losses per the 3GPPTR38.900 specifications, NetSim allows modelling
additional losses using MATLAB. This includes attenuation due to rain, fog, and gas.

Note that this implementation interfaces with MATLAB R2020(a/b). Lower versions of MATLAB
are not directly supported.

The following is required to run these models:

A An installed version of MATLAB R2020(a/b) in the same system where NetSim is

installed or in a different system in the same network.
A Registration of MATLAB as a COM server. Reference:

https://in.mathworks.com/help/releases/R2020a/matlab/ref/comserver.html?s tid=doc ta

3.12.1 Configuration

Addi tional Loss Model can be configured i

channel models section of Physical Layer as shown in Figure 3-21.
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[ Macro cell gNB Omni Ant._9 Properties — m] X

SARO B

4 Channel Model -
PathLoss Model 3GPPTR38.901-74.1 ¥
Outdoor Scenario URBAN_MACRO ~
Indoor Scenario INDOOR_OFFICE
Indoor Office Type MIXED_OFFICE ¥
LOS NLOS Selection USER_DEFINED ¥
LOS Probability 0
Shadow Fading Model NONE .

Fading and Beamforming NO_FADING_MIMO_UNI" ~
021 Building Penetration Mcdel HIGH_LOSS_MODEL ~

Additional Loss Model NONE ¥
nove ] M

MATLAS

Figure 3-20: gNB >Interface (5G_RAN) >Physical layer properties
Similarly, thiscanbe confi gured in the eNBO6s LTE interfac

section of Physical Layer as shown in Figure 3-21.

(¥ Macro cell eNB Omni Ant._5 Properties = (] X

" AN O D

A
Building Height (m) 5

Street Width (m) 20

Indoor Scenario INDOOR_OFFICE
Indoor Office Type MIXED_OFFICE ~

LOS NLOS Selection USER_DEFINED ~

LOS Probability 1

Shadow Fading Model 3GPPTR38.901-7 ~

Shadow Fading Standard... 3GPPTR38.901-Table3
Fading and Beamforming | NO_FADING_MIt +

02l Building Penetration...  LOW_LOSS MOL ¥

Additional Loss Mode! INONE A
O

MATLAB

Figure 3-21: eNB >Interface (LTE) >Physical layer properties
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Additional Loss Model is set to NONE by default. When MATLAB is selected, MATLAB MODEL
drop down with options GAS, FOG, and RAIN will appear along with associated parameters

as shown in Figure 3-22.

Y @Y
@ Bl

LOS Probability
Shadow Fading Mode!
Fading and Beamforming

02l Building Penetration Model

NONE -

NO_FADING_MIMO_UNI ~

NONE v

Additional Loss Model

MATLAB Model

Ambient Temperature (°C)

Dry Air Pressure (Pa)

Water Vapor Density (g/m?)

MATLAB ~

GAS -
15
101300

4

& Interference Model

B> Error Model and MCS Selection

B> Component Carrier 2

Figure 3-22: Additional Loss Model set to MATLAB in gNB >Interface (5G_RAN) >Physical layer

properties

Each model has associated parameters that can be configured, which is listed in Table 3-31.

Additional Loss

Model Associated Parameters

Rain Rate (mm/hr)
Tilt Angle

Elevation Angle
Exceedance Rain (%)

RAIN

Ambient Temperature (Celsius)

GAS Dry Air Pressure (pa)
Water Vapor Density (‘¥a )
Ambient Temperature (Celsius)
FOG

Liquid Water Density ((QYa )

Value

16(default), Range 0 to 100
O(default), Range -90 to 90
O(default), Range -90 to 90
0.01(default), Range 0.001 to 1
15(default), Range -50 to 50

101300(default), Range 50000 to
300000

4(default), Range 1 to 10
15(default), Range -50 to 50
0.5(default), Range 0 to 5

Table 3-31: Parameters in the various MATLAB additional loss models

NOTE: Rain and Gas models support frequencies from 1 to 1000 GHz and Fog model supports

frequencies from 10 to 1000 GHz only.
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3.12.2 Running Simulation

When Additional Loss Model option is set to MATLAB NetSim Simulation console waits for

MATLAB Interface process to connect.

B Ch\Users\MT3815\DocumentsiMet5im_13.0.24_64_pro_default\bin\bin_x6M\NetSimCore.exe - O *

Met5im License

S5\Documen : 8. %64/ Networ

y. Error number 17

Figure 3-23: NetSim Simulation console waits for MATLAB Interface process to connect
MATLAB Interface process can be started and connected to the running instance of NetSim

simulation using one of the following methods depending on where MATLAB is installed:

A If MATLAB is installed in the same system where NetSim is installed. MATLAB Interface
process can be launched directly from the design window of NetSim.

o Go to Options Menu and select the Open MATLAB Interface option as shown below:

N} file  options  Help | Network: 5G_NR_mmWave | Workspace: Default-Workspace

X Createl Open MATLAB Interface I 11l Configure Reports [ Show/Hide Info

f— Run Time Interaction

b Save | o v ARP 'l Macro cell gNB Omni Ant. “€) Macro cell gNB Sector Ant.
L

q Close 2/ %  Small cell gNB Omni Ant.

File Run Simulation Base Station

Figure 3-24: Open MATLAB Window Options

o Click on the OK button when the following message is displayed.
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%] NetSim MATLAB Interfacing X
Please make sure you have MATLAE installed and configured before you proceed.
MATLAE Interfacing can be used in two cases:

Case 1: Using MATLAE's medels via NetSim device/link properties.
Example: 3G MR-> gME properties -» RAN Interface -» Additional loss models.

Case 2: Modifying scurce codes and calling NetSim-MATLAB APls

Ref. User manual, section 10.3: Interfacing MetSim with MATLAB

Then,
Step 1. Create your scenario in MetSim
Step 2. Select this menu option to interface with MATLAB
Step 3. Click the "Run” button to run simulation in NetSim

MetSim simulation will commence, and MATLAE interfacing will be initiated.

OK Cancel

Figure 3-25: MATLAB Interface warning message
A If MATLAB is installed in a different system in the same network, then
MATLABInterface.exe (present in <NetSim_Install_Directory>/bin folder), can be started
in that system, manually from command prompt and the IP address of the system where

NetSim simulation has started can be passed as an argument as shown below:

Bl C:\Windows\System32\cmd.exe — O w0

labInterface

Figure 3-26: MATLAB interface over an IP address
In both above cases, the MATLAB Interface process starts MATLAB process (MATLAB
command window will open in minimized state) after which simulation in NetSim will start.
During the simulation communication between NetSim and MATLAB is established to send
inputs from NetSim to MATLAB pathloss models and to receive pathloss from MATLAB to

NetSim happens via the MATLAB Interface process as shown below:
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B C\Program Files\NetSim\Pro_v13_0\bin\Matlabinterface.exe — O =

Figure 3-27: Runtime MATLAB interfacing window

The pathloss value obtained from MATLAB is added to the total loss calculated as per the
3GPPTR38.900 specifications. At simulation end the MATLAB Interface process closes the
MATLAB process that it started.

3.13 Downlink Interference Model (Part of Adv. 5G)

3.13.1 Configuration

Downlink I nterference Model can be configured i

under channel models section of Physical Layer as shown Figure 3-28.
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¥ Macro cell gNB Omni Ant._9 Properties = O X

LN \— @ @y @y

LW Frovauiity
Shadow Fading Mode!| NONE -

Fading and Beamforming NO_FADING_MIMO_UNI' ~

02| Building Penetration Mode! NONE v

Additional Loss Mode MATLAE ¥
MATLAB Model GAS v
Ambient Temperature (*C) 15

Dry Air Pressure (Pa) 101300
Water Vapor Density (g/m?) 4

4 Interference Model

Dowinlink Interference Model NO_INTERFERENCE ¥
NO_INTERFERENCE

GRADED_DISTANCE_BASED_WYNER_MODEL
EXACT_GEOMETRIC_MODEL

Uplink Interference Model

Figure 3-28: gNB >Interface (LTE) >Physical layer properties
Downlink Interference Model is set to NO_INTERFERENCE by default.

3.13.2 Graded distance-based Wyner model
The Wyner model is widely used to due to its simplicity and analytical tractability. In this model:

Only interference from (two) adjacent cells is considered

Random user locations and path loss variations are ignored, and

The interference intensity from each neighbouring base station (BS) is characterized by a
single fixed parameter 1 | p . The channel gain between BS and its home user is 1
and the intercell interference intensity is | . Thus, a user sees constant interference

irrespective of its location.

These three simplifications lose a lot of information. We alter the Wyner model to address

these flaws by:

Considering interference from arbitrary number of BSs

Factoring in the user location. The UEs distance from the interfering BS is an obvious
factor that determines the interference intensity since the amount of interference caused
depends on the signal attenuation with distance, the path loss law. Since the Wyner model
uses relative interference, the ratio of a UEs distance from serving and interfering BSs is

used as one of the interference parameters.
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1 Using a graded interference intensity model, whereby a UE will see a different value of |

at different locations, thereby modelling the effect of interference more accurately.
3.13.2.1 Technical description

1 We model DL interference from any number of interfering BSs. Let Y be the serving BS
to "YO. Let 6Y be any other BS (Q "Q Then the distance between "YO and 8°Y is

denoted as 'O , while the distance between UE and 6"Yis denoted as ‘O

1 A UE sees interference if ———— is within a user defined threshold (for example, 20%).

This ratiois alsoequaltop —— WhenO O ,weseethatm ——— p.

The ratio is twhen O O andispwhenO 1. When O O theUEis

equidistant from both BS i.e., at the cell edge. When 'O 1T, the UE is at the centre of
the serving BS, 6.

1 Users at the cell-edge will see out of cell interference; as the user moves closer to the cell
centre, it sees lesser interference.

1 We call this user defined threshold as differential distance ratio threshold and denote it by
‘O'Cr 8The DDR threshold is used to define U thresholds, which are in turn used to

determine the out of cell interference experienced by "YO, as explained below. First, we

bin the OOy , conditional on O O ,into K steps, as follows:
0O O 00'Y
T : p
yo U
00'Y O 0O 00'Y
o P o 0 ¢
0o0Y . 9 0O ooy |
- 0 p - 0
L (o) U
0oy | 9 O
n 0] _—
v (0]

T Where' OO, is a user input varying from 0.00 to 1.00 (default is 0.1 or 10%), and K, the

number of steps, is a user input varying from 1 to 4 (default is 1). For example: if the given
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value for the DDR is 0.2 and nSteps is 4, then the range of the curves will be from 0 to

2 mrbieoto 0.05, 0.051t0 0.10, 0.10 to 0.15, 0.15to 0.2.

1 The relative interference for each of these steps would be O m & 0 where 0 is the
number of steps and ¢ represents each individual step (¢ 1 if the  inequality in the
above is satisfied, counting the first inequality as the zeroth inequality).

1 We specify the interference power relative to the power received from 6"Y. Therefore,
given the value of O, interference power is calculated as the received power from 6"Y
(excluding beamforming gain) less “O. Thus

08 0 Q1 "QQI Q& O QY QB QiYW QQV ¢ YR @i ©86

1 Therefore, we have' 0 Q6 0 Q6 & 0 Q6 & This is equivalent to the

Wyner model with| —— inthe linear scale; however, note that in our interference

model,] depends on t dnebecllEeH G deperds anthe distance.
1 This interference powers (linear) from all interfering BSs are added to the noise power (in

linear scale) and then
O3 ,Y'Y QOQOE Q@I £60% 6 QOG0 1 & Q¢ "Q0w Qe
0 Ve QI DIEB™Oe 0 Q1 "QQI Qe wQUL £ 0 Qi
1 Each "Ois a user input. It is subject to the limits 1 O ¢ 102 @NetSim will enforce the

sanity check ¢ 1 O 8 O 1 Here Ois the relative interference seen when the
UE is near 6°Y and "Ois the relative interference seen when the UE is nearly equidistant
from its two nearest BSs (and hence far from 67).

71 In an ideal case, when the user is at the cell edge, the received power from 6™Y will be
roughly equal to the received power from &Y (since it is equidistant from the two BSs),
and so "Y'OY will necessarily be less than 0 dB.

f As the UE moves away from the cell edge and towards 67, the received power from 6"Y
increases and that from 6"Y decreases, and so the SINR improves. For this reason, we
have the limits on 'O asmQd O ¢ ™0 If the user sets 'O to a large value, it will be

equivalent to having no inter-cell interference.
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Figure 3-29: Interference zones are the regions within the four curves and the cell boundary of | 4| .

This example is for a case involving just 2 BSs with  r4 8 and L . The four curves are
H= i

Tepl Merl

therefore the equations where is equal to B gpE 8 h-B 8, and B 8. The

T L

handover interference region is also shown.

T Incase ———— OOy , the out of cell interference seen at the UE is set to "O. The

default value of ‘O is 0, i.e., cell centre users do not see any out of cell interference. The
default values of ‘Ofor Q phcB ) pis 10 dB.

1 In NetSim, handover is triggered when the signal strength from 67Y is offset (3dB by
default) higher than signal strength from 6"Y. A handover is not triggered when YO is

equidistant from both BSs but only when it is slightly nearer to 6"Y. Therefore, the short

time when'O ‘© is aspecial case requiring a different interference power. We term

this interference as fiHandover interferenceo
interference is denotedas O and cQ0 O TQO

1 Sample interference file format and example:
<gNB_i>, <gNB_j>, <DDRth>, <nSteps>,<i_-1>,<i_0><i_1><i 2>¢é <i_(n-1)>
gNB_11,gNB_12,0.2,4,-1,1, 2,3, 4
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3.13.3 Exact Geometric Model

In this model NetSim computes interference from one or more interfering base-stations (BS or
gNB) at a UE, based on (i) the gNB UE locations and (ii) the pathloss between the interfering
gNB and the UE.

NSGAPY (o1 N 23
NS 7 AR .27 7
AN T e, _=2%747
Q| Qi | oo T3l Qe |ResztT 0 Qg
~ -
RNIONCRS S P NN "
x N7 Q IS.1- g, PSOA
Qip ,» >R 42535 e e g
AERARINA Nt R IR
'l 4 PR 7z~ So N N
RIS NN (BF[ AT RN
4 /" - 4 Y SO~
/’,’/ /” "Qﬁ;\ SN ’"Q" ”\\\ \\\ [~
z N < , g M
\E//’\k./’ Qﬂt ¥ W h i ~\§P:$
Q) /T\) P o
0 Yol )
5% Q g‘v/ Q /
é 4 L '\é_ 4 é_
5% 5% 5% 5% 5% 5%

Figure 3-30: A simple scenario with 3 BSs and 6 UEs. The bold lines represent direct signal while the
dashed lines represent interfering signals.

NetSim supports various 3GPP propagation models to calculate the pathloss between every
BS (gNB) and every UE. One of the parameters in the pathloss equations is the distance
between the BS and the UE. Some of the other user settable parameters used in the 3GPP
models are (i) Centre frequency (chosen from the band selected) (i) Rural or Urban
environments (iii) UE-BS channel is in LOS or NLOS (iv) Shadow-fading in the UE-BS channel
(v) Indoor or outdoor UE location, etc., Complete details of the 3GPP pathloss models
supported in NetSim are given in 3.11.1.

Let 6"Y be the serving BS to YO . Let 6"Ybe any other BS (Q "Q "YO communicates with Y

while all other BSs (Q "Qact as interferers. The distance between YO and 6"Y is denoted as
'O, while the distance between UE and 6"Yis denoted as'O . The power of the interfering
signal from any 6"Y at any YO depends on (i) the transmit power of the interfering BS and (ii)
pathloss between the interfering BS and the UE. It can therefore be expressed as

0 0 00
where 0 is the transmit power of 6°Y, 00  represents the 3GPP model based pathloss
between 6°Y and "YO . This pathloss is dependent on’'O  and the channel between 6°Y and

O . The interference powers (linear) from all interfering BSs (i.e., apart from the serving BS)

are added to the noise power (in linear scale) and we get the expression
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YQOQRE QW €85, OQQRNGAE 0t 1 G Q¢ Q00O NQE
Vo w~t e~ T w Yo
0 ¢ Qi Q0 &miQy

"Y'O9

SINR determines the 5G PHY rate (throughput) that the UE would get. This is because the
PHY Rate depends on the CQI/MCS which is in turn depends on SINR. Section 3.2 explains
the details.

The Wyner model is approximate but is computationally faster, while the geometric model is

precise but computationally slower due to the calculations involved.
3.13.4 Interference modeling in OFDM in NetSim

Net Sim doesnoét mofepedific qulbcarriers to individaat useossnThe aggregate
resources are divided amongst the UEs per UEso®

f The received power at YO from 8", with transmit power 0 is given (in the linear scale)
as

f "O or the interference in linear scale at a YO (associated with 6"Y) from &Y
9 To normalize the power should we further multiply by the ratio given below

Yo
Y6

O t+0

1 Assumptions:

Al. The above formula assumes the interference seen by "YO is proportional to the
number of RBs allotted to "YO

A2. Fast fading is not accounted for in the interfering signal calculations since it would
require too much computational time, given that it needs to be re-calculated every
coherence time, not just between BS and its associated UEs but between a BS and
all the UEs in all cells. Hence NetSim calculates average interfering signal power
and not instantaneous interfering signal power, which is a well-accepted assumption
in multi-cell MIMO literature. Recall that NetSim accounts for fast fading in the direct
signal power calculations.

91 The total noise seen will be

QY Y6

§ The signal power 0 —_—
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Therefore,

"Y'OO0 ¥
QY Yo +" 0 —

QY Y6 t+ O

3.13.4.1 Interference in MIMO

f If"YO is receiving from 6"Y in multiple layers, the interference power ‘O is the same for

all layers.
o0 _
YOV - ”
QY YO t+ O

Where 0 represents a MIMO layer.
Note that neither the noise nor the interference is divided by the layer count, because

the combining vector has unit norm.
3.13.4.2 Fast fading component of interfering signals

NetSim accounts for the Rx power from neighboring cells, in a statistical sense, as explained
below. Let us consider an example of two BSs and two UEs with BS1 transmitting to UE1 and
BS2 transmitting to UE2. The BSs employ digital (Eigen) beamforming to the UE they are
transmitting to, so there is no channel-dependent beamforming between BS1 and UE2 or BS2
and UEL.

Due to this, the interference seen by UEZ2
product between the beamforming vector employed by BS1 (which depends only on the
channel between BS1 and UE1) and the channel between BS1 and UE2 (which is independent
of the channel between BS1 and UEL.)

Now, since we model the fast-fading component of the channel as having i.i.d. circularly
symmetric complex Gaussian entries, the expected interference power at UE2 is simply the
transmit power by BS1 times the path loss between BS1 and UE2. This because the long-term
statistical average of the square of the magnitude inner product between the (unit-norm)

beamforming vector employed by BS1 and the channel between BS1 and UEZ2 is unity.
3.13.4.3 Limitations

1 Inthe above interference formula NetSim assumes that all interfering BSs transmit data
in that slot.
1 The interference calculations need to be done for each slot. Enabling interference will

slow down the simulation.
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3.14 Uplink Interference Model (Part of Adv. 5G)

NetSim uses Interference-over-thermal (IoT), to model uplink interference. Modeling uplink
interference as 0T (also called as rise over thermal noise) allows for the calculation of the
interference level relative to the thermal noise level. This can provide insight into the
performance of the system and the impact of uplink interference on the signal-to-noise ratio
(SNR). For example, if the uplink interference level is 10 dB higher than the thermal noise level,
this indicates that the interference is significantly affecting the SNR and the performance of the

system.

Users can input 10T in the NetSim GUI and is available in the eNB/gNB properties. The
expression for the signal to interference noise ratio is given by

YO0 W6 YO 6 Of W6
®YQO6 YO YQ6 YOO W6

Converting to linear

- S Y0Y
prtl I CO¢EaAYyQe Qup m | | C"Y"OU y
"0¢ Qe Q@SU—U
Therefore, interference power in linear is
O 0 0¢ WQE Qi
We thus get the Interference power in dBm as
0Q6a pmli T CO pm P

This value of "‘Gn dBm units is logged in the Radio Measurements csv file (if turned on). An

example table is provided in Table 3-32.

Bandwidth (MHz) Noise (dBm) 10T (dB) Interference (dBm)
100 -93.82 3 -63.83
100 -93.82 2 -73.87
50 -96.83 2 -76.88
50 -96.83 2 -87.29
10 -103.82 1 -94.28

Table 3-32: Example table showing interference in dBm that will logged in radio measurements file for
a different 10T (dB) and Bandwidth (MHz) settings
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NetSim 5G core functionality was introduced in NetSim v13. This 5G core includes entities,

which reside within the core devices (and partially within the gNB) such as Session

Management Function (SMF), Access and Mobility Management Function (AMF) and User

Plane Function (UPF) and the protocols these entities use for operation.

The NetSim 5G core model provides users the means to simulate the end-to-end IP

connectivity. It supports interconnection of multiple UEs to the Internet/Cloud via the Radio

Access Network or RAN. The RAN consists of multiple gNBs. These gNBs connect to the 5G

core in the backhaul. In NetSim, the 5G core comprises of a single AMF, SMF and UPF.

gNB

User
Equipment

5G Links

Building
(Indoor Propagation)

®

Remote
Server

5G Core

Devices

Internet

Figure 3-31: 5G Network scenario consisting of multiple UEs and gNBs connected to 5G Core - AMF,
SMF and UP. The UPF is connects out to the Data Network/ Internet.

NetSim 5G Core model has been designed as follows:

1.The
2. A

Pack

singl e

/| intewbAMFLt Yy

3.1t is po
mul tiple
TCP/ UDP

4. The

Net Si

et type supported in NetSi
set of SMF/ UPF/ AMF enti ti

are not supported in
ssible for a single UE to

EPS Bearers
traffi cheovielr
m 5G model

ar e

supported

ilnP tdhoen eUmalti rntk

al

| ows wusers t

m 5G Core is
es
Net Si
use

are only
m.

di fferent
each UE
t he L

o perf.orm an
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and at

In the 5G standalone architecture, the roles played by each of the entities are different.

1. AUEhas he

foll otwiimmgs i nter ac
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aThe ramadwess procedure to initiate communicat
b.Setup the RRC connection with the gNB.

.Perform NAS | evel aut henticati on.

(g

d Handl e the RRC Reconfiagdr athi en mesesmgehsegBBuU
PDU session.

eeThe UE concludes the registration procedure.

—h

Data flow takes place in both the downlink a
2. The gNB acts as a britdige5bBbetC@ben giNBe UE and

aHandl es thecreeagdemt from the UE and assign re
RRC connection.

b.Sets up the RRC connection with the UE. SRB1

point the gNB starts assigning downlink and
c. Transportsatihen RRggqueest from the UE to the AN
d Carries the NAS signalling between the UE an:

eeThe 5G Core initiates the default PDU sessi
received from the UE.

—h

Activates the default PDU séesonomevssage hel (R

transports the Registration Complete message
g The downlink and uplink data flow takes pl ac

3. The AMF or Access Mobil ity Function coordine

procedur e.

a.Handtbse I nitial UE Message from the gNB. Thi
Request from the UE.

b.On receiving the Registration Request, the AI
c. AMF updates the SMF context and sends an | ni
t hef delt PDU session. The message also carri

from the AMEF.

d When the gNB signals that the I nitial Cont e:
updates the SMF context.

e The AMF also notifies the fSoMF uwphleinn ki haen d edsasw I

transfer.
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f. Al I messages related to session maedgemacte a

interface to the Session Management Functi on

4. The SMF or Session Management Functanidn s&rves

repsonsf bltethe session management .
aThe SMF assigns an | P address to be used for
b. The SMF selects the UPF to be used for the s

c. The SMF wupdates the UPF wusing PFdCalt ameplsamge s

interface.
5, The URPF UWslearne fiusnca idant a pl ane component that

aThe UPF is completely controlled from the SMI
t hkacket Forwarding Cotnot ruopldaPtreo ttohceo Id a(tPaF QoPl)a n

b. The UPF is respoonsitbheg fhod packwat dirng, pack
handl ing, and external PDU session for i nter

architecture.

c. The UPF represents the data plane evolution
(CUPStHr at eigy iaumterdodas an extension to existin
(EPCs)

d. The UPF identifies user plane traffic flow b
over the N4 reference point. The N4 interfac

Protocol (PFCP)
3.15.1 5G Interfaces

5G Interfaces present in NetSim are as follows:

1. 5G_N1_ _NHN2 N% the reference point between the ¢
2. 5G_N3: I nterface between )t.he RAN (gNB) and t he
3. 5G_N4.: Il nterface between the Sesstihren UMaFn age mer
4. 5G_N©6: Il nterface between the Data Network (DN)
5. 5G_N11: Il nterface bet.ween the SMF and AMF

6. 5G_XN: I nterface bet ween two RAN (gNB) nodes
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Figure 3-32: 5G Network scenario depicting the 5G Interfaces in NetSim
The NG-AP interface (N2) provides control plane interaction between the gNB and the AMF.
In NetSim, this interface is modelled in an abstract manner, with direct interaction between the
gNB and the AMF. The encoding of NGAP messages and information elements specified in
[TS36413] is not implemented.

The NG-AP primitives that are modelled are:

1. I NI TI AL UE MESSAGE AND REGI STRATI ON REQUEST

2. I NI TI AL CONTEXT SETUP REQUEST

3. I NI TIl AL CONTEXT SETUP RESPONSE ANB REGI STRATI C
4. PATH SWI TCH REQUEST

5. PATH SWI TCH REQUEST ACKNOWLEDGE

The N11 interface provides control plane interaction between the SMF and the AMF using the
GTPv2-C protocol specified in [TS29274]. In NetSim, this interface is modelled with direct
interaction between the SMF and the AMF objects, without implementing the encoding of the

messages.
The N11 primitives that are modelled are:

CREATE SESSI ON REQUEST
CREATE SESSI ON RESPONSE
MODI FY BEARER REQUEST
MODI FY BEARER RESPONSE

A LW NP

Of these primitives, the first two are used during the initial UE attachment for the establishment
of the N2-U bearers; the other two are used during handover to switch the N2-U bearers from
the source gNB to the target gNB because of the reception by the AMF of a PATH SWITCH
REQUEST NG-AP message.
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3.15.2 Cell Selection and UE attach procedure
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Figure 3-33: A 5G network scenario with a Single UE connected to a gNB which is connected to the
5G Core and the UE downloads data from the Server (Wired Node)

As an example, consider a 5G network scenario with 5G Core devices (which consists of AMF,
SMF, UPF and three L2 Switches), a UE which is connected to a gNB, and in the server side,

a Wired Node which is connected to a Router which is connected to the 5G core via UPF.
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Figure 3-34: UE Attach Procedure

The attachment process is as follows:
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1. Radi o ResoufRBRROGEsnerol nformdPBaokeBsoake broadc

each gNB to all the UEs. These packets are tre
Alf the number of gNBs is 6md and the number
packets transmitted each timewi | | be é6m x nbéo

A The transmission of MIB packet starts from the MAC Layer. The transmission time can

be calculated from the MAC Layer Arrival Time in the packet trace.

A The size of each MIB packet is 8 Bytes and can be observed in the Phy Layer Payload

field in the packet trace.

2. RRC System I nformation Block 1 packets are bro
packets are transmitted periodically every 16(

A The transmission of SIB1 packet starts from the MAC Layer. The transmission time can

be calculated from the MAC Layer Arrival Time in the packet trace.

Alf the number of gNBs is 6md and the&Bnumber

packets transmitted each time wil/ be 6m x n.

A The size of each SIB1 packet is 8 Bytes. This can be observed in the Phy Layer Payload

field in the packet trace.
3. After the first set of packet el tolwe cel | sel ec
A The UE attaches itself initially to the gNB from which it receives the highest SSB SNR.
A If SNRs from multiple gNBs are equal, the UE will attach to the gNB with the lowest ID.

A The gNB to which the UE is connected by the user in NetSim GUI at the network design
stage, is only for visual purposes. It plays no role in determining which to which gNB

the UE will eventually be attached.

4. RRC System I nformation are broadcast by the s

selection.is complete

A The SI packet is sent only once during the simulation. It is not sent after every

Handover.
A 1t occurs at 160.9ms.

A The transmission of S| packet starts from the MAC Layer. The transmission time can

be calculated from the MAC Layer Arrival Time in the packet trace.

A The size of each S| packet is 8 Bytes. The size of the packet can be calculated from

the Phy Layer Payload field in the packet trace.
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5. Th®&RC Setup Request will be sent by the UE
receipt of RRC SI packet

A The RRC Setup Request is sent with the random UE-Identity and an establishment
cause. This can be observed in the Headers column of the packet trace.

t

C

6. The RRC Setup message is used to establish SRE

A Selected gNB sends the setup to UE which contains RRCTransactionldentifier,
RRCResponsetype, PDCP Properties: UEID and GNBID, DiscardDelayTimer,
T_Reordering, Hdr Type, SN=0, dcBit.

A RRC Setup Packet Size is 24 Bytes. The size of the packet can be calculated from the
Phy Layer Payload field in the packet trace.

A UE stops the timer (T300) when it receives the RRC Setup message.
A UE makes a transition to RRC connected mode.

7. Th&RCSet Cpmplmasesage is used to confirm the
RRC conneabliionhment .

A UE sends this message on receipt of the RRC Setup message.

A Contains RRCTransactionldentifier, SelectedPLMNIdentity, AMFIdentifier, Gaumi
Type, Hdr Type, SN, dcBit

8 UE sends UE_MEASUREMENT_ _REPORT to the connect

reporhtibyseach UE to its serving gNB and it c
If the SNR from another gNB is offset greater than SNR from serving gNB, it leads to handover.
After the handover procedure is completed RRC Reconfiguration would happen between
target gNB and UE. The UE will then send the UE MEASUREMENT REPORT to this gNB.
These can be observed in the NetSim Packet Trace.
PACKET_ID| ~ |SEGMENT_ID| » |PACKET TYPE| v CONTROL PACKET TYPE/APP NAMEJ SOURCE ID| ~ | DESTINATION ID| ~ TRANSETFER ID ~ RECEIVER ID| v |NW LAYER ARRIVAL TIME(US} ~ MAC LAYER ARRIVAL TIME(US) v |PHY LAYER |
0 N/A Control_Packet |RRC_MIB GNB-7 Broadcast-0 GNB-7 UE-8 N/A 30000
0/N/A Control_Packet |RRC SIB1 GNB-7 Broadcast-0 GNB-7 UE-8 N/A 160000
0 N/A Control_Packet JRRC_MIB GNB-7 Broadeast-0 GNB-7 UE-8 N/A 160000
0/N/A Control_Packet JRRC_SI GNB-7 UE-8 GNB-7 UE-8 N/A 160999
0 N/A Control_Packet JRRC_SETUP_REQUEST UE-8 GNB-7 UE-8 GNB-7 N/A 161999
0/N/A Control_Packet JRRC_SETUP GNB-7 UE-8 GNB-7 UE-8 N/A 162999
0N/A Control_Packet JRRC SETUP COMPLE[E UE-3 Gﬁ-T UE-8 GﬂJ N/A 163999
0 0 Control_Packet INITIAL_UE_MSG_AND_REGISTRATION_F GNB-7 AMF-3 GNB-7 SWITCH-5 164999 164999
0 0 Control_Packet INITIAL_UE_MSG_AND_REGISTRATION_f GNB-7 AMF-3 SWITCH-5 AMF-3 164999 164999
Figure 3-35: RRC connection establishment in Packet Trace
3.15.35G Core connection management process
This functionality is based on (3gpp 38.413)
1. The gNB will introduce the UEUE daatctheneinG Qo roe eas
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2. The gNB will send I nitial UE message and Reg

(curr &Net ISyuppomt y one AMF). The message wil/|
receives the first NAS message to be transmi

Compl et e

3. Upon receiving the UE message and registrati

Session Requesdbrtderthe BMEaiter a session for

4. The SWH 1 send the PFCP Session Request to UPF
the network and the data packet fl ow may occu

PFCP session for UE .

5. Furt her, AMF wi | | send the | niticaolnfCom &xte S et

of a UE context
6. The gNB will send Initial Context Setup and
and then the UE wil!/ be associated with the

These can be observed in NetSim Packet Trace file

PACKET_ID| ~ |SEGMENT_ID[ ~ | PACKET_TYPE|~ | CONTROL_PACKET_TYPE/APP_NAME SOURCE_ID[~] ON_ID| | TRANSMITTER_ID|~| RECEIVER_ID|~ | APP_LAYER_ARRIVAL TIME(US)[~ |TRX_LAYER ARRIVAL TIME(/
0 N/A Control_Packet RRC_MIB GNB-7 Broadcast-0 GNB-7 UE-8 N/A N/A
0/N/A Control_Packet RRC_SIB1 GNB-7 Broadcast-0 GNB-7 UE-8 N/A N/A
0 N/A Control_Packet RRC_MIB GNB-7 Broadcast-0 GNB-7 UE-§ N/A N/A
0 N/A Control_Packet RRC_SI GNB-7 UE-8 GNB-7 UE-8 N/A N/A
0 N/A Control_Packet RRC_SETUP_REQUEST UE-S GNB-7 UEs GNB-7 N/A N/A
0/N/A Control_Packet RRC_SETUP GNB-7 UE-8 GNB-7 UE-8 N/A N/A
0 N/A Control_Packet RRC_SETUP_COMPLETE UES GNB-7 UES GNB-7 N/A N/A
0 0 Control_Packet | INITIAL_UE_MSG_AND_REGISTRATION_REQUEST GNB-7 AMF-3 GNB-7 SWITCH-5 164999 1
0 0 Control_Packet | INITIAL_UE_MSG_AND_REGISTRATION_REQUEST GNB-7 AMF-3 SWITCH-5 AMF-3 164999 1
0 0 Control_Packet | CREATE_SESSION_REQUEST AMF-3 SMF-2 AMF-3 SMF-2 165035.24 165¢
[ 0 Control_Packet | PFCP_SESSION_REQUSET SMEF-2 UPF-1 SMF-2 UPF-1 165053.36 165¢
0 0 Control_Packet | PFCP_SESSION_RESPONSE UPF-1 SMF-2 UPF-1 SMF-2 165071.48 165
0 0 Control_Packet | CREATE_SESSION_RESPONSE SMF-2 AMF-3 SMF-2 AMF-3 165089.6 165
0 0 Control_Packet | INITIAL_CONTEXT_SETUP_REQUEST AMF-3 GNB-7 AMF-3 SWITCH-5 165107.72 1651
0 0 Control_Packet | INITIAL_CONTEXT_SETUP_REQUEST AMF-3 GNB-7 SWITCH-5 GNB-7 165107.72 1651
0 0 Control_Packet | INITIAL_CONTEXT_SETUP_RESPONSE_REGISTRATION_COMPLETE | GNB-7 AMF-3 GNB-7 SWITCH-5 165148.12 1651
0 0 Control_Packet | INITIAL_ CONTEXT SETUP_RESPONSE_REGISTRATION_COMPLETE ~ GNB-7 AMF-3 SWITCH-5 AMF-3 165148.12 1651
0 N/A Control_Packet STATOSPDU = BNE- = TNE- ey TE
0 N/A Control_Packet STATUSPDU UE-8 GNB-7 UE-8 GNB-7 N/A N/A
0/N/A Control_Packet UE_MEASUREMENT_REPORT UE-8 GNB-7 UE-S GNB-7 N/A N/A
0 N/A Control_Packet RRC_MIB GNB-7 Broadcast-0 GNB-7 UE-8 N/A N/A
0/N/A Control_Packet STATUSPDU UE-3 GNB-7 UE-8 GNB-7 N/A N/A
0 N/A Control_Packet STATUSPDU UE-8 GNB-7 UE-S GNB-7 N/A N/A
0/N/A Control_Packet STATUSPDU UE-3 GNB-7 UE-3 GNB-7 N/A N/A
0 N/A Control_Packet STATUSPDU UE-3 GNB-7 UE-3 GNEB-7 N/A N/A
oN/A Control Packet RRC SIBI GNE-7 Broadcast.0 GNE-7 UE; N/A N/A

Figure 3-36: 5G Core connection management process

When the UE attachment is completed, the data packets will be transmitted from the source to
the destination via the UPF.

3.16 5G Non-Stand Alone (NSA)

3.16.1 Overview

NSA leverages the existing LTE radio access and core network (EPC) to anchor 5G NR using
the Dual Connectivity feature. This solution provides a seamless option to deploy 5G services
with very less disruption in the network. The eNB is connected to the EPC through the LTE_S1
interface and to the gNB through the XN interface. The gNB can be connected to the EPC
through the LTE_S1 interface and other gNBs through the XN interface. Similarly, the eNBs
and gNBs will be connected to 5G Core through the N1_N2, and N3 interfaces and gNB-eNB
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and gNB-gNB connections through the XN interface. The control packets like RRC MIB, RRC
SIB1, RRC SI in NSA modes will be transmitted from the master nodes to the UE. Similarly,
the UE will send the UE_MEASUREMENT_REPORT and RRC_SETUP messages to the

master nodes. The master node will be selected according to the deployment option selected.
The NSA modes in NetSim 5G module includes:

1. Option 4 whEaree ohdwi bess are present, and EPC
t he Master Cell and eNB is the Secondary Cel

a.Optio@nldy gNB connects to all the 5G Core i
interface.

b.Opti og NBarteaxrtrs t o all 5G Core interfaces and
through respective interfaces.

2. Option 7 where only 5G Core devices are presen

the Master Cell and gNB is the Seoxc:ondary Cel

a.OptioeNB:connects to all 5G Core interfaces

i nterf ace.

b.Opti ogNBaconnects to all the 5G Core interfac

through the respective interfaces.

5G Core

LTE Core 5G Core LTE Core

LTE RAN 5G R mﬂ

Figure 3-37: NSA deployment - Option 4, Option 4a Networking modes

7 7a

LTE Core

5G Core

Figure 3-38: NSA deployment - Option 7, Option 7a Networking modes
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In Options 3, 4 and 7, the secondary node is not directly connected with the LTE-EPC/ 5G-
Core. On reception of a packet, the secondary node, transmits all packet to the master node
via the XN interface for uplink cases and for downlink cases, the core / EPC transmits the
packets to the master node and the master node splits the traffic between itself and the
secondary node, since there is no connection between the core and secondary node. The

master node also transmits the packets to the UE.
In options 4a and 7a, the split happens at the EPC/UPF.
3.16.2 Option 4/4a

Option 4 consists of a 5G Core. The master node is the LTE NR cell or gNB and the secondary
node is LTE cell or eNB.

3.16.2.1 Option 4

In Option 4 of Non-Stand-alone mode, both LTE and 5G NR radio access technologies are
deployed and controlled through only the 5G Core, i.e., AMF, SMF and UPF.

The gNB has both the NG-U and NG-C interfaces. Both eNB and gNB connects over the XN
interface. The interface between gNB and AMF is called N2 interface and the interface between
gNB and UPF is called N3 interface, So the control plane is over N2 interface and user plane

is over N3 interface.

The eNB is not connected to 5G Core, hence data traffic is split over the XN interface. The
gNB is connected to 5G Core with NG-U and NG-C.

In NetSim, the gNB is connected to the UPF via Switch_5 using the 5G_N3 interface and to
the AMF via Switch_4 using the 5G_N1_N2 interface, hence, gNB communicates directly with
the 5G Core and eNB does not communicate directly with the 5G Core. The gNBs and eNBs
are inter-connected using the XN interface via a Layer 2 Switch and the UEs present in the
network consists of two interfaces, an LTE interface and a 5G_RAN interface.
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LTE 1 TS~ gl 5G_RAN

Figure 3-39: NSA deployment- Option 4 networking mode in NetSim
3.16.2.2 Option-4a

In Option 4a, the eNB is not connected to gNB over XN interface, but it is connected to 5G

Core over the NG-U interface.

The gNB has both NG-U and NG-C interface. Data traffic is split between 4G and 5G at the
5G Core, specifically the UPF.

In NetSim, the gNB and eNB are connected to the UPF via Switch_4 using the 5G_N3 interface
and to the AMF via Switch_5 using the 5G_N1_N2 interface. The gNBs we can inter-connected
using the XN interface and does not have XN interface for eNBs. hence direct communication
between eNB and gNB is not possible. The UEs present in the network consists of two
interfaces, an LTE interface and a 5G_RAN interface.
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LTE

Figure 3-40: NSA deployment- Option 4a networking mode in NetSim
3.16.3 Option 7/7a

The eNB has NG-U and NG-C interfaces to 5G Core and eNB connects with gNB over XN
interface. The master node is the LTE cell or eNB and the secondary node is the LTE-NR cell

or gNB in these deployment options.
3.16.3.1 Option-7

In Option 7, the gNB does not communicate to 5G Core. Data traffic flows through eNB
communicating to and from the 5G Core. Some part of the data can be transferred through

gNB over the XN interface.

In NetSim, the eNBs are connected to the UPF via Switch_4 using the 5G_N3 interface and to
the AMF via Switch_5 usingthe 5G_N1_N2 interface. The gNBs and eNBs are inter-connected
using the XN interface and hence direct communication between eNB and gNB is possible.
The UEs present in the network consists of two interfaces, an LTE interface and a 5G_RAN
interface. The data is delivered to the UE when it comes to the 5G NR through the LTE-RAN.
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Figure 3-41: NSA deployment- Option 7 networking mode in NetSim
3.16.3.2 Option-7a

In Option 7a, eNB and gNB are not connected via the XN interface and instead gNB is
connected to 5G Core over NG-U. The eNB is connected to 5G Core over NG-C and NG-U.
Data traffic is split at the 5GC (UPF).

In NetSim, the gNB and eNB are connected to the UPF via Switch_4 using the 5G_N3 interface
and to the AMF via Switch_5 using the 5G_N1_N2 interface. The gNBs does not have an XN
Interface and eNBs inter-connected using the XN interface and hence direct communication
between eNB and gNB is not possible. The UEs present in the network consists of two

interfaces, an LTE interface and a 5G_RAN interface.

The user data goes directly from the 5G Core to the gNB and then to the UE.

‘~.B.s'
UES

i

Figure 3-42: NSA deployment- Option 7a networking mode in NetSim

© TETCOS LLP. All rights reserved Page 124 of 234



Ver 14.0

3.17 NSA Packet Flow

3.17.1 Option 4

Consider the following network scenario:

Figure 3-43: NSA deployment - Option 4 networking mode in NetSim

All the devices have the default properties, application start time was set to 1s and scenario is
simulated for 10s.
gNB is the Master Node and eNB is the Secondary Node in Options 4 and 4a.

The packet flow in the network takes place as explained below:

1. The MN, pPN&adichidRtC_ MI B paoc kehtes UE every 80 ms ar
every 160 ms.

2. After the transmission of the RRC_MIB and RR
RRC_SI packet to the UE.

3. After reception of RRC_SI packet, UE wi | | senc
On receiving the RRC_Setup_Request packet, 't he
transmitting RRC_Setup packet to the UE.

5. The UE will send back the RRC_Setup_Complete
message.

6. The gNB will send INITI RATUBDNMREQANBSTRE®GI $he |

L2Switch_5 through the N1 _N2 interface.
7. AMF will send CREATE_SESSI ON_REQUEST to SMF th
8 SMF will send PFCP_SESSI ON_REQUEST to UPF t hrc
9. UPF will send back the rePpSESS| P&Nc REISPIONSEMF,
10.SMF  wi | | send back the response packet to AMF,
11.AMF will send the | NITIAL_CONTEXT_SETUP_REQUESES
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12.0n t he receipt of Context setup req.
I NI TIl AL_CONTEXT_SETUPGRETRANISENRCOMPLETE packe

AMF via switch_5 through the N1_N2 interface.
13.This marks the compleptooeaso®f UE registration
14.Af t er the UE registration, the MN node wil/|l

to the SN via the L2Switch_6.

15.0n thetreteitpi s secondary celll addition reque

packet, i . e. DC_SEC_CELL_ADDI TI ON_RESPONSE.

16.The UE wi |l | now send the UE_MEASUREMENT_ REPORT
contains the SNR informati one.asTuhree nieinmie riemptoerrtv e
transmitted can be set by t ke lnder fiacet hd TEMNB/

-> Datalink Layer

177After the UE attachment procedure, the dat a
to the UE basedgomithm. splitting al

18.As per the current splitting algorithm in Net

the UPF through the N6 interface and from the
through the N3 interface, andt 6oromet UE giNBoug

RAN interface.
199.The second data packet wild/ flow from UPF t

the packet gets transmitted to the eNB via Swi

the UE.
200Similarly, the throdgpatket MNji | FolukroWw t hrough

Packet flow can be analyzed using the Packet Trace log file as shown below:

A B c D E F G H L M
PACKET_ID[ Y| SEGMENT ID[~ | PACKET TYPE[~| CONTROL PACKET TYPE/APP_NAME ¥/ SOURCE_ID|~ | DESTINATION_ID| - | TRANSMITTER ID[~ |RECEIVER_ID[~| MAC_LAYER ARRIVAL TIME(US)|~|PHY_LAYER_ARRIVAL TIME(Y
1 0 CBR App1_CBR NODE-11 UE-9 NODE-11 ROUTER-10 1000000 10f
1 0 CBR Appl CBR NODE-11 UE-9 ROUTER-10 UPF-1 1000126.12 10003
1 0 CBR Appl_CBR NODE-11 UE9 UPF-1 SWITCH-4. 1000250.16 10003
1 0 CBR App1_CBR NODE-11 UE-9 SWITCH-4 GNB-8 1 100025016 10003
2 0 CBR Appl CBR NODE-11 UE-9 NODE-11 ROUTER-10 1001168 10f
2 0/CBR Appl_CBR NODE-11 UE-9 ROUTER-10 UPF-1 1001294.12 10013
2 0 CBR App1_CBR NODE-11 UE-9 UPF-1 SWITCH-4 1001418.16 10014
2 0 CBR Appl CBR NODE-11 UE-9 SWITCH-4 GNB-8 1001418.16 10014
2 0 CBR Appl_CBR NODE-11 UE-9 GNEB-8 SWITCH-6 1001670.4 1001
2 0 CBR App1_CBR NODE-11 UE-9 SWITCH-6 ENB-7 1001670.4 10017
1 0 CBR Appl CBR NODE-11 UE9 GNB-8 UE9 1000502.4 10f
3 0 CBR Appl CBR NODE-11 UE-9 NODE-11 ROUTER-10 1002236 10f
3 0 CBR App1_CBR NODE-11 UE-9 ROUTER-10 UPF-1 1002462.12 10024
3 0 CBR Appl CBR NODE-11 UE-9 UPF-1 SWITCH-4 1002586.16 10024
3 0 CBR Appl CBR NODE-11 UES SWITCH-4 GNEB-8 1002586.16 10027
2 0 CBR App1_CBR NODE-11 UE-9 ENB-7 UE-9 1001670.4 10f
2 0 CBR App1_CBR NODE-11 UE9 ENB-7 UE9 1001670.4 10f
a 0 CBR Appl CBR NODE-11 UE-9 NODE-11 ROUTER-10 1003504 10§
a 0 CBR App1_CBR NODE-11 UE9 ROUTER-10 UPF-1 1003630.12 10034
a 0 CBR Appl_CBR NODE-11 UE-9 UPF-1 SWITCH-4 100375416 10037
3 0 CBR Appl CBR NODE-11 UE-9 GNB-8 UE-9 1002838.4 10f
1 0 CBR Appl_CBR NODE-11 UE-9 SWITCH-4 GNB-8 100375416 10034
a 0 CBR App1_CBR NODE-11 UE9 GNB-8 SWITCH-6 1004006.4 1004
a 0 CBR Appl CBR NODE-11 UE-9 SWITCH-6 ENB-7 1004006.4 1004
a 0 CBR App1_CBR NODE-11 UE9 ENB-7 UE9 1004006.4 10(
a 0 CBR Appl_CBR NODE-11 UE-9 ENB-7 UE-9 1004006.4 10f
Packet Trace | Pivot Table(TX-RX) | Pivot Table(Custom) ® < >

Figure 3-44: Packet flow can be analyzed using the Packet Trace
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3.17.2 Option 4a

Consider the following network scenario:

Figure 3-45: NSA deployment - Option 4a networking mode in NetSim

All the devices have the default properties, application start time was set to 1s and scenario is
simulated for 10s.

The packet flow in the network takes place as explained below:

1. The MN, bgNBawct RKRIC_tMi 8 packets to the UE every

every 160 ms.

2. After the transmission of the RRC_MIB and RR

RRC_SI packet to the UE.

3. After reception of RRC_SI packet, UE wi | | senc
On receiving the RRC_Setup_Request packet, t he
transmitting RRC_Setup packet to the UE.

5. The UE wi l |l sendcthgpc KCotmpée eRRCpAcket on the r €
message.

6. The gNB will send | NI TIAL_UE_MSG_AND_REGI STRAT
L2Switch_5 through the N1 N2 interface.

7. AMF will send CREATE_SESSI ON_REQUEST to SMF th

8 SMF will s&ESSPPOPREQUEST to UPF through N4 ir

9. UPF will send back the response packet to SMF,

10.SMF will send back the response packet to AMF,

11.AMF will send the | NITIAL_CONTEXT aSEBEWWUR cREGUE <
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On t he receipt of Context setup req.
I NI TI AL_CONTEXT_SETUP_RESPONSE_REGI STRATI ON_CC
AMF via switch_5 through the N1_N2 interface.
This marks the complptooeaso®f UE registration
After the UE registration, the MN node will se
DC_SEC_CELL_ADDI TI ON_REQUEST to the SN via the
On the receipt of this secondary cell addi tio
packet, i.e. DC_SEC_CELL_ADDITI ON_RESPONSE.
The UE winldl trheew USEe MEASUREMENT _REPORT every 12(
contains the SNR information. The time interve
transmitted can be set by te lnder fiawet hd TENB/
-> Datalink Layer

Afer t he UE attachment procedure, the data pac
to the UE based on the splitting algorithm.

As per the current splitting algorithm in Net ¢
the UPF throughantief Néminher UBEeit goes t o t he
through the N3 interface, and from the gNB it
RAN interface.

The second data packet will flow from UPF to t
Similartwjrdhpacket wi | | fl ow through the MN,

Packet flow can be analyzed using the Packet Trace log file as shown below:

A

B c D E F G H | 1 K
PACKET_ID[-T|SEGMENT_ID[~ | PACKET_TYPE[~| CONTROL_PACKET TYPE/APP_NAME| Y| SOURCE ID|~| DESTINATION ID[~|TRANSMITTER ID[~ |RECEIVER ID[~|APP_LAYER_ARRIVAL TIME(US) [~ | TRX_LAYER ARRIVAL TIME(US)[~|NW_LAYER ARRN
1 0 CBR App1_CBR NODE-11 UE-9 NODE-11 ROUTER-10 1000000 1000000
1 0 CBR Appl_CBR NODE-11 UE-9 ROUTER-10 UPF-1 1000000 1000000
1 0 CBR Appl_CBR NODE-11 UE9 UPF-1 SWITCH-4 1000000 1000000
1 0 CBR App1_CBR NODE-11 UE-9 SWITCH-4 GNB-8 1000000 1000000
2 0 CBR Appl CBR NODE-11 UE9 NODE-11 ROUTER-10 1001168 1001168
2 0 CBR App1_CBR NODE-11 UE-9 ROUTER-10 UPF-1 1001168 1001168
2 0 CBR App1 CBR NODE-11 UE9 UPF-1 SWITCH-4 1001168] 1001168
2 0 CBR Appl_CBR NODE-11 UE-9 SWITCH-4 ENB-7 1001168 1001168
1 0 CBR App1_CBR NODE-11 UE9 GNB-8 UE9 1000000 1000000
3 0 CBR App1_CBR NODE-11 UE-9 NODE-11 ROUTER-10 1002336 1002336
3 0 CBR App1_CBR NODE-11 UE9 ROUTER-10 UPF-1 1002336 1002336
3 0 CBR App1_CBR NODE-11 UE-9 UPF-1 SWITCH-4 1002336 1002336
3 0 CBR App1_CBR NODE-11 UE-9 SWITCH-4 GNB-8 1002336 1002336
2 0 CBR Appl_CBR NODE-11 UE-9 ENB-7 UE-9 1001168 1001168
2 0 CBR App1_CBR NODE-11 UE9 ENB-7 UE9 1001168 1001168
4 0 CBR Appl_CBR NODE-11 UE-9 NODE-11 ROUTER-10 1003504, 1003504
4 0 CBR Appl_CBR NODE-11 UE9 ROUTER-10 UPF-1 1003504 1003504
4 0 CBR App1_CBR NODE-11 UE-9 UPF-1 SWITCH-4 1003504, 1003504
3 0 CBR Appl CBR NODE-11 UE9 GNEB-2 UES 1002236 1002336
4 0 CBR App1_CBR NODE-11 UE-9 SWITCH-4 ENB-7 1003504, 1003504
a 0 CBR App1 CBR NODE-11 UE9 ENB-7 UE9 1003504 1003504
4 0 CBR Appl CBR NODE-11 UE-9 ENB-7 UE-9 1003504 1003504

Figure 3-46: Packet flow can be analyzed using the Packet Trace

3.17.3 Option 7

Consider the following network scenario:
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%)

~" gNB8

Figure 3-47: NSA deployment - Option 7 networking mode in NetSim
All the devices have the default properties, application start time was set to 1s and scenario is
simulated for 10s.

eNB is the MN and gNB is the SN in deployment options 7, 7a.

The packet flow in the network takes place as explained below:

1. The MN, e NBbrwd d dtclassetnRIRC _ MI B packets to the UE

RRC_SIB1 every 80 ms.

2. After the transmission of the RRC_MIB and RR

RRC_SI packet to the UE.

3. After reception of RRC_SI packet, UE will senc

On rwicreg the RRC_Setup_Request packet, the eNE

transmitting RRC_Setup packet to the UE.
5. The UE wi |l send back the RRC_Setup_Complete
message.

6. The eNB will send | NI TIAL_UE EQ3IGESAND oRE GleS ARIAT
L2Switch_5 through the N1_N2 interface.

7. AMF will send CREATE_SESSI ON_REQUEST to SMF th
SMF will send PFCP_SESSI ON_REQUEST to UPF thro
UPF will send back the responsél_ RESPONSEo0 SMF,

10.SMF will send back the response packet to AMF,

11.CREATE_SESSI ON_RESPONSE.

12AMF will send the | NI'TIAL_CONTEXT_SETUP_REQUES

13.0n t he receipt of Context setup req.

I NI TI AL_CONTEXT_SETUP_REASTPIOONNS EC (RMEFALI ESTTER pac k et
AMF via switch_5 through the N1_N2 interface.
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14.This marks the completion of UE registration ¢

15 After the UE registr atDiCoBECt IC&ELMN AD®d § | @INIL_ IR EL:¢
to the SN via the Switch_6.

16.0n t he recseseptomdarnyhicell addition request, t
packietbC, SEC_CELL_ADDI TI ON_RESPONSE.

17.The UE wi |l | now send the UE_MEASUREMENT_ _REPORT
contains the SNR information. Tlettirmeoirnt drsv e
transmitted can be set by t ke lnder fiacet hd TEMNB/
-> Datalink Layer

18.Af ter the UE attachment procedure, the data p
to the UE based on.the splitting algorithm

19.As per the current splitting algorithm in Net ¢
the UPF through the N6 interface and from the
through the N3 interface, and fUB mM hHrhoeu efNBt h &
interface.

20The second data packet will flow from UPF to t
the gNB via Switch_ 6 through XN interface and

21.Similarly, the third packet will rddoswotdmough

Packet flow can be analyzed using the Packet Trace log file as shown below:

A B € D E F G H | J K[~
PACKET_ID -¥| SEGMENT_ID| ~ | PACKET_TYPE| ~ | CONTROL_PACKET_TYPE/APP_NAME -T| SOURCE_ID| v | DESTINATION_ID| ~ | TRANSMITTER_ID|~ | RECEIVER_ID| ~| APP_LAYER_ARRIVAL_TIME(US) | | TRX_LAYER_ARRIVAL TIME(US)|~|NW_LAYER_ARRIY
1 0 CBR Appl_CBR NODE-11 UE-S NODE-11 ROUTER-10 1000000 1000000
1 0/CBR Appl_CBR NODE-11 UE-S ROUTER-10 UPF-1 1000000 1000000
1 0 CBR Appl_CBR NODE-11 UES UPF-1 SWITCH-4 1000000 1000000
1 0/CBR Appl_CBR NODE-11 UE-S SWITCH-4 ENB-7 1 1000000 1000000
2 0 CBR Appl_CBR NODE-11 UES NODE-11 ROUTER-10 1001168 1001168
2 0 CBR Appl_CBR NODE-11 UE-S ROUTER-10 UPF-1 1001168 1001168
1 0 CBR Appl_CBR NODE-11 UE-S ENB-7 UE-S 1000000 1000000
1 0/CBR Appl_CBR NODE-11 UE-3 ENB-7 UE-3 1000000 1000000
2 0 CBR Appl_CBR NODE-11 UE-S UPF-1 SWITCH-4 1001168 1001168
2 0/CBR Appl_CBR NODE-11 UE-3 SWITCH-4 ENB-7 1001168 1001168
2 0 CBR Appl_CBR NODE-11 UES ENB-7 SWITCH-6 1001168 1001168
2 0 CBR Appl_CER NODE-11 UES SWITCH-6 GNB-8 1001168 1001168
E 0 CBR Appl_CBR NODE-11 UES NODE-11 ROUTER-10 1002336 1002336
3 0 CBR Appl_CER NODE-11 UES ROUTER-10 UPF-1 1002336 1002336
3 0 CBR Appl_CBR NODE-11 UES UPF-1 SWITCH-4. 1002336 1002336
3 0/CBR Appl_CBR NODE-11 UE-S SWITCH-4 ENB-7 1002336 1002336
2 0 CBR Appl_CBR NODE-11 UES GNB-8 UE-9 1001168 1001168
3 0/CBR Appl_CBR NODE-11 UE-S ENB-7 UE-S 1002336 1002336
3 0 CBR Appl_CBR NODE-11 UE-9 ENB-7 UE-9 1002336 1002336
4] 0/CBR Appl_CBR NODE-11 UE-9 NODE-11 ROUTER-10 1003504 1003504
a 0 CBR Appl_CBR NODE-11 UE-9 ROUTER-10 UPF-1 1003504 1003504
4] 0/CBR Appl_CBR NODE-11 UE-9 UPF-1 SWITCH-4. 1003504 1003504
a 0 CBR Appl_CBR NODE-11 UE9 SWITCH-4 ENB-7 1003504 1003504
4 0/CBR Appl_CBR NODE-11 UE-S ENB-7 SWITCH-6 1003504 1003504
a 0 CBR Appl_CBR NODE-11 UES SWITCH-6 GNB-8 1003504 1003504
4 0/CBR Appl_CBR NODE-11 UES GNB-8 UE-S 1003504 1003504

Figure 3-48: Packet flow can be analyzed using the Packet Trace

3.17.4 Option 7a

Consider the following network scenario:
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Figure 3-49: NSA deployment - Option 7a networking mode in NetSim

All the devices have the default properties, application start time was set to 1s and scenario is

simulated for 10s.

The packet flow in the network takes place as explained below:

1. The MN, e NBbrwd d dtclassetnRIRC__ MI B packets to the UE
RRC_SIB1 every 80 ms.

2. After the transmission of the RRC_MIB and RR
RRC_SI packet to the UE.

3. Aferr reception of RRC_SI packet, UE will send |
On receiving the RRC_Setup_Request packet, 't he
transmitting RRC_Setup packet to the UE.

5. The UE wi l I send back the RRCré&ediupt CoimpRRBCEeS
message.

6. The eNB will send | NI TIAL_UE_MSG_AND_REGI STRAT
L2Switch_5 through the N1 N2 interface.

7. AMF will send CREATE_SESSI ON_REQUEST to SMF th
SMF will send PFCP_SESS|I ONgREQUES htteo fA@ARFR .t hr
UPF will send back the response packet to SMF,

100.SMF will send back the response packet to AMF,

117.AMF will send the | NITIAL_CONTEXT_SETUP_REQUEES
12.0n the ptrecef Cont ext setup request,

I NI TI AL_CONTEXT_SETUP_RESPONSE_REGI STRATI ON_CC
AMF via switch_ 5 through the N1 N2 interface.

13.This marks the completion of UE registration g

14 After the UE regiwsifatisemd the MN node

15.DC_SEC_CELL_ADDI TI ON_REQUEST to the SN via the
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16.0n the receipt of this secondary cell addi ti
packet, i.e. DC_SEC_CELL_ADDITI ON_RESPONSE.

177The UE wil | now send the UE_MEASURBME MTe_ RENP QT
contains the SNR information. The time interve
transmitted can be set by t ke lnder fiacet hd TEMNB/

-> Datalink Layer

18 After the UE attachmpatkerscwewdblepetheadamatt

to the UE based on the splitting algorithm.
19As per the current splitting algorithm in Net

the UPF through the N6 interface and fSrwdm cthh &4

through the N3 interface, and from the eNB it
interface.

200.The second data packet will flow from UPF to
t he UE.

2.Similarly, the thihdtpackMdt fwoludt h |l ohwr ot hgloutghe

Packet flow can be analyzed using the Packet Trace log file as shown below:

A 8 ¢ D 3 F G H ! ] K =
PACKET_ID ~ |SEGMENT_ID| ~ | PACKET_TYPE| ~ | CONTROL_PACKET_TYPE/APP_NAME|-¥| SOURCE_ID|~ | DESTINATION_ID|~| TRANSMITTER_ID| ~ | RECEIVER_ID|~ | APP_LAYER_ARRIVAL TIME(US)|~| TRX_LAYER_ARRIVAL TIME(US)|~ |NW_LAYER ARRIVA
1 0 cBR Appl_CBR NODE-11 UE9 NODE-11 ROUTER-10 1000000 1000000
1 o/car App1_CBR NODE-11 UE-9 ROUTER-10 UPF-1 1000000 1000000
1 0 CBR Appl_CBR NODE-11 UE-9 UPF-1 SWITCH-4 1000000 1000000
1 0|CBR Appl_CBR NODE-11 UE-9 SWITCH-4 ENB-7 1000000 1000000
2 0 CBR Appl_CBR NODE-11 UE-9 NODE-11 ROUTER-10 1001168 1001168
2 0|car Appl CBR NODE-11 UE-3 ROUTER-10 UPF-1 1001168 1001168
1 0 cBR Appl_CBR NODE-11 UE9 ENB-7 UE3 1000000 1000000
1 o|car Appl_CBR NODE-11 UE-9 ENB-7 UE-3 1000000 1000000
2 0cBR Appl_CBR NODE-11 UE9 UPF-1 SWITCH-4 1001168 1001168
2 o/car Appl_CBR NODE-11 UE-9 SWITCH-4 GNB-8 1001168 1001168
3 0 cBR Appl_CBR NODE-11 UE9 NODE-11 ROUTER-10 1002336 1002336
3 o/car App1_CBR NODE-11 UE-9 ROUTER-10 UPF-1 1002336 1002336
E] 0 CBR Appl_CBR NODE-11 UE-9 UPF-1 SWITCH-4 1002336 1002236
El 0|CBR Appl_CBR NODE-11 UE-9 SWITCH-4 ENB-7 1002336 1002236
2 0 ¢BR Appl CBR NODE-11 UE-S GNB-8 UE3 1001168 1001168
3 0|car Appl CBR NODE-11 UE-3 ENB-7 UE-3 1002336 1002336
3 0 cBR Appl_CBR NODE-11 UE9 ENB-7 UE3 1002336 1002336
a4 o|car Appl_CBR NODE-11 UE-9 NODE-11 ROUTER-10 1003504 1003504,
a 0cBR Appl_CBR NODE-11 UE9 ROUTER-10 UPF-1 1003504 1003504
4 o/car Appl_CBR NODE-11 UE-9 UPF-1 SWITCH-4 1003504 1003504,
a 0 cBR Appl_CBR NODE-11 UE9 SWITCH-4 GNB-8 1003504 1003504
5 o/car App1_CBR NODE-11 UE-9 NODE-11 ROUTER-10 1004672 1004672
5 0 CBR Appl_CBR NODE-11 UE-9 ROUTER-10 UPF-1 1004672 1004672
5 0|CBR Appl_CBR NODE-11 UE-9 UPF-1 SWITCH-4 1004672 1004672
5 0 ¢BR Appl CBR NODE-11 UE-S SWITCH-4 ENB-7 1004672 1004672
6 0|car Appl_CBR NODE-11 UE-3 NODE-11 ROUTER-10 1005840 1005840
a 0 cBR Appl_CBR NODE-11 UE9 GNB-8 UE3 1003504 1003504
6 o|car Appl_CBR NODE-11 UE-9 ROUTER-10 UPF-1 1005840 1005840
& R Anm1_cRR NODE11 e upE SwiTcHa 1005220 100520 k2
Packet Trace | Pivot Table(TX-RX) | Pivot Table(Custom) @ « 3

Figure 3-50: Packet flow can be analyzed using the Packet Trace

3.18 Handover

3.18.1 Use of SNR instead of RSRP

NetSim is a packet-level simulator for simulating the performance of end-to-end applications
over various packet transport technologies. NetSim can scale to simulating networks with 100s
of UEs, gNBs, routers, switches, etc. In order to achieve a scalable simulation, that can execute
in reasonable time on desktop-level computers, many details of the physical layer techniques

have been abstracted.
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In 5G, NetSim does not model control channels; there are no pilots/reference/synchronization
signals. The channel matrix H is assumed to be known perfectly and instantaneously at the
transmitter and receiver, respectively. Hence there is no RSRP, and all signal power related
calculations are done using the data channel itself. Therefore, the hand-over is based on the
SNR measured at the s-gNB and the t-gNB. Since the noise power would be the same at s-

gNB and t-gNB, in effect the handover is based on received signal level on the PDSCH.
3.18.2 Handover algorithm

The handover logic of NetSim 5G library is based on the Strongest Adjacent Cell Handover
Algorithm (Ref: Handover within 3GPP LTE: Design Principles and Performance. Konstantinos
Dimou. Ericcson Research). The algorithm enables each UE to connect to that gNB which
provides the highest SNR. Therefore, a handover occurs the moment a better gNB - adjacent
cell has offset stronger RSRP (measured as SNR in NetSim) - is detected. If there is more
than one gNB with offset higher signal strength, then the gNB with the highest signal strength
becomes the target gNB. If carrier aggregation and MIMO is enabled then the SNR is averaged

over all carriers and over all layers.

This algorithm is similar to 38.331, 5.5.4.4 EventA3wh er ei n Nei ghbor ¢
Of f set better than serving cel Hypeisperedh and
not eventTrigerred since NetSim is a discrete event simulator and not a continuous time
simulator. Therefore, the signal strength comparisons between source-gNB and all other gNBs

is done every time a UE Measurement report is received at the source gNB. Note that:

1 The signal strength compared is the average of all layers across all carriers.
T NetSim assumes that admission control during handover is always successful. Hence

there are no handover failures on this count.
3.18.3 Ping pong handovers

The above algorithm is susceptible to ping-pong handovers; continuous handovers between
the serving and adjacent cells on account of changes in SNR due mobility and shadow-fading.
At one instant the adjacent cell's SNR could be higher and the very next it could be the original

serving cell's RSRP, and so on. To solve this problem the algorithm uses:

1 Hysteresis (Hand-over-margin, HOM) which adds a SNR threshold (Adjacent_cell SNR -
Serving_cell_SNR > Hand-over-margin or hysteresis), and

1 Time-to-trigger (TTT) or hysterisis which adds a time threshold.

This HOM is part of NetSim implementation while TTT can be implemented as a custom project

in NetSim.
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Users may also be interested in measuring Ping pong handovers. For this, users should log
the gNB to which the UE is attached. Users can then simulate scenarios where UE would
attach to gNB1 then to gNB2, back to gNB1, again to gNB2 ... and so on, within a short time
frame. Ping pong handovers can then be calculated per some (user-defined) criteria. Such
scenarios can be simulated by enabling shadow-fading and fading-and-beamforming (fast
fading). These phenomena would cause SINR to fluctuate over short distances and even over

time at the same location.

Custom coding is required to log the "attached gNB" for each UE. NetSim radio measurements
workspace (available in file-exchange/ GitHub) can serve as the base for this development

effort.
3.18.4 Packet flow during handover

NetSim implements those aspects of the 5G handover procedure that directly affects network
performance. Other aspects of the handover, for example security, are either not implemented
or abstracted since they do not affect network performance. Handovers can occur in
RRC_CONNECTED (during active Tx or Rx) or in RRC_IDLE states (no Tx or Rx).

UE Serving gNB Target gNB AMF SMF

UE Measurement Report

Handover Request

Handover Request Ack

Handover Command
«+ Path Switch

>

Modify Bearer Request

Modify Bearer Response

Path Switch Ack

Context Release

Context Release Ack

>

Figure 3-51: Control packet flow in the 5G handover process

The packet flow (which can be observed from the packet trace) is as follows:

1. Oncteh®@E connection and associati onUEprse@meddur es
UE_MEASUREMENRTRERVEEY Measurement _Repothé _|I nter
connectedUB NBeasurement Report _I nterval i s by

and is a user configurable parameter.
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2. At sommeneiqgadlblorRSRP ( measur edbeacso nbd\dRs é tn MNieg I5 ¢
than serving cell RSRP.

3. Il mmedi at eeweée mflpteernext UE_MEASUREMENGNE EBR GRT,
sometimes call ednddANDOYER NBEQUBS®ST t(meigghbor)
gNBlL.hi sketaci s sent t hr ovuigah 5»hree XSWliilnctthehref d a en k s
5G Core are by default 10 Gbps.

4. Th@e@argetsegn)NlIB back HANDOVER REQWIESBJF agdB nt ovi a t
Xn intéeff l&ABDOVER REQUESHABMDOVER REQAGECKSITe
erroredf tthleem t arget gNB signal strength cont.
gNB signal strengtaht, tshtee el ti sUEr_afEAESIURE MENT _ R

5. After receiving HANDOWERr REQYEGMNBACKe HANDOVE
COMMAND to UE

6. TheHANDOVER COMMANDs epracc kley S aswr ¢ éa eg VE

7. The targeasreqNB RRC Reconfiguration msg to UE.
mode than the target gNB is assigned as new sc

8 The targwitl IgN8end the PATH SWIH TGHopghiNthet N1t
i nt ervfiaac e owiet) csh

9. When the AMF receives t he PATH SWI TCH packe
REQUEST to. thei SMIFs over the N11 interface.

100.The SMF on receiving the MOPhBYKk tBrBeA REHEAGDIREEYQUE
BEARER RESPONS$Be AMF.

11.0n receiving the MODIFY BEARER RESPONSE from |
Path switch request sent by the target gNB by
bakk to the .t darmdsée MMNNR i nt,ervfiaacea 5GC switch

122The targbsengaNsBCEONTEXT RELEASE to source gNB, a
sends UEBGONTEXT RELEASE ACK to target gNB. The
ack packetbhsetaweeensdarhte sourcieaanidet angienht gNBace

13.ThemRC Reconf i gsyprl atcieorm ettavkeeen t arget gNB and UE

14.UE sstserntdi ng t he UE MEASUREWME Nile wWRGENBORT t o
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PACKET_ID |+ | SEGMENT.ID | v | PACKET_TVPE |~ | CONTROL PACKET TVPE/APP NAME | ¥| SOURCE ID | ~ | DESTINATION_ID |~ | TRANSMITTER_ID |- | RECEIVER_ID | v | NW_LAYER ARRIVAL TIME(US)

Ver 14.0

v | MAC_LAYER ARRIVAL TIME(US) | | PHY_LAYER_ARF

0/N/A Control_packet RRC_MIB GNB-7 Broadcast-0 GNB-7

0 N/A Control_Packet RRC_SIB1 GNB-8 Broadcast-0 GNB-8
o/N/A Control_Packet RRC_SIB1 GNB-8 Broadcast-0 GNB-8

0 N/A Control_Packet RRC_MIB GNB-8 Broadcast-0 GNB-8
0/N/A Control_Packet RRC_MIB GNB-8 Broadcast-0 GNB-8

0 N/A Control_Packet UE_MEASUREMENT REPORT UE-9 GNB-7 UE-9
0/N/A Control_Packet |UE_MEASUREMENT_REPORT UE-10 GNB-8 UE-10

0 N/A Control_Packet HANDOVER_REQUEST GNB-7 GNB-8 GNB-7
0/N/A Control_Packet 'HANDOVER_REQUEST GNB-7 GNB-8 SWITCH-6
0 N/A Control_Packet HANDOVER_REQUEST_ACK GNB-8 GNB-7 GNB-8
0/N/A Control_Packet [HANDOVER_REQUEST_ACK GNE-8 GNB-7 SWITCH-6
0 N/A Control_Packet HANDOVER_COMMAND GNB-7 UE-9 GNB-7

[ 0/ Control_Packet |PATH_SWITCH GNB-8 AMF-3 GNB-8

o 0 Control_Packet PATH_SWITCH GNB-8 AMF-3 SWITCH-5
[ 0 Control_Packet MODIFY_BEARER_REQUEST AMF-3 SMF-2 AMF-3

[ 0 Control_Packet MODIFY_BEARER RESPONSE SMEF-2 AMF-3 SMF-2

0 0 Control_Packet |PATH_SWICTH_ACK AMF-3 GNB-8 AMF-3

[ 0 Control_Packet PATH_SWICTH_ACK AMF-2 GNB-8 SWITCH-5
0/N/A Control_Packet [UE_CONTEXT RELEASE GNB-8 GNB-7 GNB-8

0 N/A Control_Packet UE_CONTEXT_RELEASE GNB-8 GNB-7 SWITCH-6
0/N/A Control_Packet UE_CONTEXT_RELEASE_ACK GNB-7 GNB-8 GNB-7

0 N/A Control_Packet UE_CONTEXT RELEASE ACK GNB-7 GNB-8 SWITCH-6
0/N/A Control_Packet |RRC_RECONFIGURATION GNB-8 UE-9 GNB-8

0 N/A Control_Packet UE_MEASUREMENT_REPORT UE-10 GNB-8 UE-10
0/N/A Control_Packet UE_MEASUREMENT REPORT UE-9 GNB-8 UE-9

UE-10
UE-9
UE-10
UE-9
UE-10
GNB-7
GNB-8
SWITCH-6
GNB-8
SWITCH-6
GNE-7
UE-9
SWITCH-5

AMF-3
SWITCH-5
GNB-2
SWITCH-6
GNB-7
SWITCH-6
GNB-8
UE-9
GNE-8
GNB-8

N/A
N/A
N/A
N/A
N/A
NfA
N/A

N/A

N/A
N/A
N/A

18600999
18600999
18601027.88
18601027.88

18602999

18602999
18603035.24.
18603053.36
1860307148
1860307148
18603111.88
1860311188
18602140.76.
18603140.76

18560000
18560000
18560000
18560000
18560000
18600000
18600000
18600999
18600999
18601027.88
18601027.88
18601056.76
18602999
18602999
18603035.24.
18603053.36
1860307148
1860307148
18603111.88
18603111.88
18603140.76.
18603140.76
18602999
18720000
18720000

Figure 3-52: Screen shot of NetSim packet trace file showing the control packets involved in handover.

Some columns have been hidden before the last column.

3.18.5 Handover Interruption Time

During this period the UE can neither transmit nor receive user data. Handover Interruption

time can be configured in the Datalink layer properties of the gNB as shown below

El Macro cell gNB Omni Ant._9 Properties

AN O B

o

RLC Poll Byte kB25 A

RLC Poll PDU o4 -

RLC Max Retx Threshold | t1 hd
4 HARQ

HARQ Mode TRUE v

Max HARQ Process Co... 16 ~

Max CBG Per TB s -

HARQ Retry Limit 4 v
4 Handover

Handover Interruption... 0

Handover Margin (dB) 3

Time-to-Trigger (ms) 3

Figure 3-53: Screen shot showing handover interruption time in gNB properties

The value can range from 0.0 to 500.0 milliseconds. The handover process in NetSim is based

on event A3 i.e., the target signal strength is offset (3 dB) higher than the source signal
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strength. Handover interruption time (HIT) is added at the time of handover command is
delivered to the UE. During this time there is no data plane traffic flow to the UE from the
source/target. The time at which the path switch is sent from the target cell to the AMF will get

delayed by the Handover interruption time. This can be observed in the packet trace log file.

3.18.6 Time-to-Trigger

Cellular networks can suffer from Ping-pong (or rapid) handovers. In such handovers one
successful handover is followed by a handover back to the original cell within short rapid
handover time, 4 he.g., within 3 seconds. Both handovers could potentially have been saved.
Equivalently, if a successful handover is followed by another successful handover to a third
cell within 4 |, one could a single handover directly to this third cell would have served the

purpose.

In the current version of NetSim, A3 based handover event is triggered the instant received

SNR (on the downlink in the SSB) from target gNB, “YO0 'Y is offset, 3, higher than received

signal strength (on the downlink in the SSB) from serving gNB "YU 'Y 8This offset, zhis

also known as the Hand Over Margin (HOM). Thus, A3 event is triggered when, in dB scale,
YO 'Y 0O Y o 3 p
where 0is a discrete time instant.

Given the way NetSim measures power, "YU "Ys used to account for differences in the

bandwidth between serving and target gNBs. If their bandwidths are equal, then, in dB scale
YO Y o YOY o YYYD o YYYD o

In NetSim, SSB power between all UE-gNB pairs are computed.

a when a measurement report is sentyY (whfablislgg?
ms ) , and

b. at every mobility event i.e., whenever a UE m
di scr eviesed nstants of time and movement i s

moveswhlvoat tohrmemai nosfto ati | | j ustohdbred otrfeert i imest a

moveswmhiyoads

Hence, the A3 trigger occurs at the instant power levels at t-gNB and s-gNB satisfy (1). This

could occur at a measurement report event or at a mobility event.

By definition of time to trigger, “Y , a handover event should only be triggered if (1) holds true

for a duration equal to "Y
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Since NetSim is a discrete event simulator its internal virtual clock progresses (virtual) time at
events. Therefore, NetSim cannot check for (1) continuously over time. The test of whether (1)
would continue to hold true can only be carried out at subsequent measurement report events

and mobility events.

TTT condition will be successfully met only if powers from t-gNB and s-gNB meet condition (1)
at all mobility and measurements events within the TTT period. If condition (1) fails to hold at

any event during TTT, then TTT condition will have failed. The A3 trigger will be removed.

NetSim does not (recursively) average, or filter, "Y0 Y ,or™’yY within the "Y

window and (1) is evaluated on instantaneous powers at all events.

NetSim Time-to-trigger variable

a. i gl obal scope; it remains the constant across
b. can be set by the usems]i nast hdee fsittngeedd §iOd stish,e 5120
Algorithm
1. When A3 commedti tAdodnTriisgger event i s added
2. Check (1) at all measurememénteport events anc
3. I'f at any event (1) doesmadenhold remove the Ac
4. El se, i f (elv)e nhtosl dwsi tanti mmltlhe TTT, initiate H/ O t
" Handover Interruption time
sNR@B)! . Connected to gNB1 , Connected to gNB2
at UE —

A (Offset)

‘e ——— A e

Figure 3-54: We see the SNR variation with time measured by UE from gNB1 (black) and gNB2 (blue).
Time to trigger starts the instant Y 0Y “YoY . Once this condition holds for a duration
equal to time-to-trigger, handover is initiated. Users can also configure a handover interruption time

during which the UE is not connected to either gNB. Post this the UE gets associated with gNB2.
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3.18.6.1 Assumptions and limitations

1. Ti me to'YtYyiwiglelr e i mpl emented for-stacGn &t alnadmé o
(NSA) mode wi'¥l not support

2. Net Sim assumes non failure of:
a. Measurement reports
b. Handover messages

3. Handovers are always successful. There are no
contr-gNBat t

4. | n Net Si m, UEs emant begNBsadefd oavfferent frequen
There is no difference in -gdBdagbdbsbpacat enahi
the same fregNeknagNB stlaign®@) and (ii) different
gNB itbran@ -gNB tn mmWave).

5. Ti miedb ri gger i mpl ement ation is based on Rel 1°
namely (i) Dual active protocol stack (DAPS)
supported in NetSim.

3.18.6.2 Algorithm for implementation in NetSim

Each gNB maintains a matrix named as the Conditional HO TTT Matrix
The rows are the associated UEs, and the columns are all other gNBs in the scenario

Whenever a "YO associates with a gNB

o Initialize all the matrix entries for all "(i.e., for all gNBs) for the given row “Cas follows
Ay to -1 for all "Q// #define TTT not_set = -1
1 Whenever a measurement report from an associated "YO is received
o If the condition (YO 'Y YO 'Y 3 is met
A If matrix entry "Y is currently -1, then // Qs fixed

T Update the matrix entry, Y Y , where Y is current simulation
time
A Else (matrix entry is not -1)
T Iy Y YY'Y
9 Initiate handover procedure

o Else
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A If the matrix entry, "Y is not -1
T Setitequalto-1
1 Whenever a YO disassociates with a gNB, delete the row Q

3.18.6.3 Configuring Time-to-Trigger

The desired TTT value in milliseconds can be configured in the Datalink layer properties of the

gNB as shown below.

¥ Macro cell gNB Omni Ant._9 Properties - m} X

[ \ N @S
vy /NN @ ﬂ-o Yo

Is NSA Enable FALSE

Selected Option Type

Master Node Type Non_mmWave_Cel
Secondary Node Type mmWave_Cell
> PDCP
> RLC
> HARQ
4 Handover
Handover Interruption Time (ms) 0
Handover Margin (dB) 3
Time-to-Trigger (ms) 3

4 Physical Layer

4 LTENR

Figure 3-55: Time-to-Trigger configuration in gNB/eNB Data Link layer properties
This value is common for all gNBs in a network i.e., TTT parameters is global in scope. Setting

TTT to O is equivalent to disabling Time-to-Trigger.
3.18.6.4 Enabling the TTT Log

The LTENR Handover TTT log can be enabled by clicking on Enable Logs under Configure

Reports option.
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N fic options Help | NetSim Simulation - SG_NR_SA

i Create Scenaric. Ty Set Traffic iiil Configure Reports [ Show/Hide Info
= ¥ Network Performance ] Application Throughput [ Packet Trace All Netwark Packets oG - Reinjected from Emulator  LOG -
E [ Link Throughput [ Event Trace Dispatched to Emulstor  LOG - Not Dispatched to Emulator  LOG M
Enabie Logs Tebuiar Summary Prots Traczs emuiater Logs
0 20 00 50 1800 1800 2000 200 AR HONJ! -
o . . L . L L . "
g
4 Network logs
LTENR Radio Measurem...
g
0 A I f*—\_ b LTENR Resource AlogatL.. 5
A g -
g 6 LTENR Handover TTTLog ¥
Router 7 Wired_Node_8
LTENR Code Block Log
LTENR OLLA Log B
o0 4 Additional Logs
IEEE802.11 Racio Measu. .
2 Swien UPES b1
L [ i
-3 g
e 1EEE 80211 Log @
2 Switch.gNE.S
05%F Log
1500 -
OSPF Helle Log §
TCP Log
2000 -
1 »

Figure 3-56: Enabling the LTENR Handover TTT log

Upon running simulations with this log enabled, a LTENR_TTT_Log.csv file is written and can
be accessed from the results dashboard as shown below:

[3 simulation Results = a X
Link_Metrics
- Application_Metrics [] Detailed View | TCP_Metrics [] Detailed View
Queue_Metrics
Application ID ieatie b1 - e, YT n, e FCSEST NV RS [
TCP_Metrics .
et 1 @ AutoSave [ 5  LENRTTT.Loges ™ £ ¢ & - 0 x
' Metrics
» IP_Forwarding_Table Fle ~Home Insert Pagelayout Formulas Data Review View Help Table Design 2 Comments
UDP Metrics 5 fﬁ X Calibri <~ General ~| [ Conditional Formatting~  FH Insert ~ p E?
> Switch Mac address table ~ P
¢ e B BT U~ AA G2~ % 9 [ FormatasTable - EEDelete Editing | Analyze
Application_Metrics aste . w0 o . . vz
- Pl v A B 50 i Cell Styles ~ [E] Format » Data
LTENR_Cell_Metrics Unda  Clipboard 1 Font & Alignment 5 Number & Styles Cells Analysis | ¥
AL ~ fr  Time (Microseconds) ~
A B C D E F G H J a
< 1 |Time (Mi nds) | ~ |Serving CEII|Z| i UEE Target gNB|z| Trigger Time (Microseco [~ >
Link Metrics Ta 2 161999 GNB_7 UE_9 GNB_8 Not Set -
= = 2 161999 GNE_8 UE_10 GNB_7 Not Set
Link_Metrics | 4 165999 GNB_7 UE 9 GNB_8 Not Set H View
Export Results (xls/.csv) 5 165999 GNB_8 UE 10 GNB_7 Not Set
. LinkID  LinkT| 6 18600999 GNB_7 UE 9 GNB_8 18600999,
Print Results (.html) 7 21242999 GNB_8 UE_10 GNB_7 Not Set
Al NA | g 21242999 GNB_8 UE_9 GNB_7 Not Set
Open Packet Trace
1 NA 9
2 na |10
v Log Files 8 L o = “
9 B " LTENR TTT Log | Pivot Table(Custom) @ i d >
LTENR_TTT_Log.csv ] ]
5 na | Ready T3 Accessibility: Unavailable Average: 10042999 Count:40  Sum: 80343992 H M -——+ 100%
] NA o 3 0 o 0 0
7 NA o 4 0 0 0 0 -
MetSim does not calculate eNB/gNB-UE link throughputs in LTE and 5G. Refer to the LTE NR Cell Metrics
Restors To Original View table available under Network Performance on the top left.

Figure 3-57: Accessing TTT log from NetSim results dashboard

The log file consists of time stamps in Microseconds, the serving cell name, associated UE

name, target cell name, and the trigger time in Microseconds.

Entries to the file are written (i) for initial UE association (will have two entries) (ii) when

handover condition is hit (iii) when UE is handed over (iv) when TTT is reset
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