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Section 1:

C-V2X Standards 
Introduction 

▪ Main 3GPP standards: 38.101-1/38.101-2 (UE tx/rx), 38.204 (UE idle mode), 
38.211 (modulation), 38.212 (multiplexing and coding), 38.213/38.214 (CTRL/data 
PHY), 38.215 (PHY measurements), 38.321 (MAC), 38.331 (RRC), 37.885 (KPIs)



Section 1: C-V2X Standards Introduction: 

Deployment Scenario

▪ Vehicular Networks 

▪ Each vehicle broadcasts Periodic messages 
▪ Status messages

▪ Network updates to deal with changes to network topology over time

▪ Safety messages

▪ Emergency braking, collision warning, etc.

▪ Distributed resource allocation for channel access via  Semi 
Persistent Scheduling (SPS)

▪ Key Performance Indicators: Packet Reception Rate (PRR)/Throughput 
(reliability), Packet Inter-Reception Time (PIR) – TR 37.885 

▪ Channel model: 3GPP V2V Highway – TR 37.885

▪ Receiver assumptions:
▪ Half Duplex, can’t tx/rx simultaneously

▪ Decoding methodology left up to device manufacturer



Section 1: C-V2X Standards Introduction: 
NR C-V2X  Use Cases

▪ 3GPP TR 22.886/22.186 

Use Case
Payload 
(Bytes)

Tx Rate
(messages/s)

Max end-to-
end Latency 

(ms)
Reliability (%)

Data Rate 
(Mbps)

Required 
Communicatio
ns Range (m)

Vehicle 
Platooning

50-6000 2-5 10-25 >90 ≤65 80-350

Advanced 
Driving

SL: 300-12000
UL: 450

SL: 10-100
UL: 50

10-100 >90
SL: 10-50

UL: 0.25-10
DL: 50

360-700

Extended 
Sensors

1600 10 3-100 >90 10-1000 50-1000

Remote 
Driving

16000-41700 33-200 5 99.999
UL: 25
DL: 1

≥1000

M. H. C. Garcia et al., "A Tutorial on 5G NR V2X Communications," in IEEE Communications Surveys & 
Tutorials, vol. 23, no. 3, pp. 1972-2026, third quarter 2021



Glossary
Symbol Definition

𝜌𝑈𝐸 UE density, UE/m

𝑑𝑇𝑅 Transmission range, beyond which UE can’t decode transmitted packets

𝑝𝐾 Resource Keeping Probability

𝑅𝑐 Reselection Counter, number of times that a UE reserves a selected PRB

𝑇𝑅𝑅𝐼 Duration of Resource Reservation Interval (RRI)

𝑁𝑠𝑐 Number of sub-channels

𝑡𝑠 Slot duration

𝑁𝑟 Total number of PRBs per RRI

𝑁𝑆𝑒 Number of duplicate packets a UE transmits per RRI

𝛾𝑆𝑃𝑆 SPS threshold, used to determine if a PRB is excluded during SPS reselection, dBm

𝑁𝑈𝐸 Total number of UEs

𝑃𝐶𝑂𝐿 MAC Collision Probability

𝑃𝐻𝐷 The probability that Half-Duplex error happens

𝑃𝑅𝑅 Packet Reception Ratio

𝑁𝑎 Number of available (unoccupied) PRBs in the selection window 

𝑁𝑜 Number of occupied PRBs in the selection window 

𝑁c Number of collided packets in a PRB where the collision happens

𝑑𝑉 Inter-vehicle distance

Note: One PRB supports one packet transmission.



Section 1: C-V2X Standards Introduction: 
Vehicular Network: Example Scenario

▪ User Equipment (UEs) distributed uniformly in a line with density 
𝜌𝑈𝐸 UE/m

▪ 2 lanes
▪ UEs move at velocity 𝑣 in opposite directions

▪ MAC collision model
▪ If two UEs occupy the same PRB, neither can be decoded

▪ UEs send packets periodically
▪ Period = 𝑇𝑅𝑅𝐼

▪ 𝑁𝑆𝑒  duplicate packets per period

𝑣 𝑣 𝑣 𝑣 𝑣 𝑣 𝑣

𝑣 𝑣 𝑣 𝑣 𝑣 𝑣 𝑣 𝑣



Section 1: C-V2X Standards Introduction: 
C-V2X Channelization

▪ Channels:

▪ Physical Sidelink Shared Channel (PSSCH) 

▪ Physical Sidelink Control Channel (PSCCH)

▪ Split into two parts, Sidelink control information (SCI) stage 1 and 2

▪ Physical Sidelink Feedback Channel (PSFCH)

▪ Transmission Modes:

▪ Unicast, Groupcast, Broadcast

▪ Focus of this presentation: Broadcast

▪ PSFCH only exists in unicast/groupcast

Time

Frequency

Sub-channel

Stage 1 SCI

PSSCH + 
Stage 2 SCI

Slot
One 
PRB



Section 1: C-V2X Standards Introduction: 
C-V2X MAC

▪ Each UE accesses the 
channel distributed

▪ Can cause collisions!

▪ Data generated 
periodically

▪ UE send 𝑁𝑆𝑒 ≥ 1 
copies as packets

▪ UEs use same 
resources for 𝑅𝑐 
transmissions

▪ 1 “transmission” = 
𝑁𝑆𝑒  packets

▪ After 𝑅𝑐 transmissions UEs may reselect resources

▪ Reselection process: Semi-Persistent Scheduling (SPS)
▪ “senses” channel to determine occupied resources

▪ Sensing: measuring RSRP in sensing window and projecting forward to selection window

▪ RSRP>𝛾𝑆𝑃𝑆=excluded resource



Section 1: C-V2X Standards Introduction: 

SPS flowchart

Perform Reselection? 
Random: probability 1 − 𝑝𝑘

𝑅𝑐 > 1?

Each PRB in selection 
window with 𝑅𝑆𝑅𝑃 >

𝛾𝑆𝑃𝑆 in sensing window 
is eliminated

Transmit using 
selected PRBs, 
decrement 𝑅𝑐

Select PRBs in 
existing grant

The UE Identifies 
sensing/selection 

window

Select 𝑁𝑆𝑒 randomly 
from remaining PRB, 

select new 𝑅𝑐

Packet 
Generated

Selection

SensingRecreate 
Existing grant 
with new 𝑅𝑐

SPS Reselection

no

yes

yes

no



Section 1: C-V2X Standards Introduction: 
SPS (1)

… …

𝑅𝑐 = 0 𝑅𝑐 = 8 𝑅𝑐 = 1 𝑅𝑐 = 0 𝑅𝑐 = 12 𝑅𝑐 = 11

Key Parameters: 
𝑁𝑆𝑒, 𝑝𝐾

One SPS Period (9𝑇𝑅𝑅𝐼) One SPS Period (13𝑇𝑅𝑅𝐼)

: PRBs used by 𝑈𝐸𝑡

: PRBs used by 𝑈𝐸1 − 𝑈𝐸8

Time

Fr
eq

.

𝑈𝐸𝑡 transmits 
𝑁𝑆𝑒 = 1 duplicate 
packets each RRI

After PRB(s) are selected, 𝑅𝑐 is selected 
randomly, 𝑅𝑐~𝑈 with bounds 
dependent on 𝑇𝑅𝑅𝐼, for 𝑇𝑅𝑅𝐼 = 100, 
𝑅𝑐~𝑈 5,15

𝑈𝐸𝑡 Reselects with 
probability 1 − 𝑝𝐾 Sensing 

Window

Selection 
Window



𝑈𝐸4

𝑈𝐸𝑡

𝑈𝐸5 𝑈𝐸1

𝑈𝐸6

𝑈𝐸2 𝑈𝐸7

𝑈𝐸3

𝑈𝐸8

Section 1: C-V2X Standards Introduction: 
SPS (2): Resource Reselection

Key Parameters: 𝑁𝑟

Sensing Window Selection 
Window

Final PRB 
Selections

: Exclusions due to HD

: Exclusions due to excess RSRP

Sensing window generates 
RSRP information for exclusions

UE excludes: 
1. All PRB in the same slot as 

its own transmission (blue)
2. All PRB with 𝑅𝑆𝑅𝑃 > 𝛾𝑆𝑃𝑆 

(red) in sensing window
UE selects 𝑁𝑆𝑒 PRBs from 
remaining PRBs randomly

𝑁𝑠𝑐 Sub-
channels

𝑇𝑅𝑅𝐼/𝑡𝑠 slots

Total PRBs in selection 
window: 𝑁𝑟 = 𝑁𝑠𝑐TRRI/ts

Process Defined in 
TS 38.214



Section 1: C-V2X Standards Introduction: 

Meanwhile… Other UEs perform SPS Simultaneously

𝑅𝑐 = 1 𝑅𝑐 = 0 𝑅𝑐 = 7𝑅𝑐 = 14 𝑅𝑐 = 6
Time

Fr
eq

.

…

𝑅𝑐 = 8

…



Section 2:

Simple Scenario (MAC 
Collision Model) 

All code used to generate all data can be found at 
https://github.com/CollinBrady1993/Code-for-NR-C-V2X-Tutorial



Section 2.1: ns-3 Implementation Overview: 
Packet Reception  

▪ nr-spectrum-phy:

▪ Decomposes packet 
into constituent parts

▪ PSCCH/PSSCH

▪ Computes relevant 
channel effects

▪ Interference, RSRP, 
SINR, etc.

▪ nr-ue-phy.cc:

▪ Creates sensingData 
object

▪ Used during SPS to 
calculate exclusions

▪ nr-ue-mac.cc

▪ Logs packet reception 
and updates sensing 
window

StartRx

StartRxSlFrame

EndRxSlFrame

RxSlPscch

RxSlPssch

PhyPscchPduReceived

DoReceiveSensingData

PhyPsschPduReceived

DoReceivePsschPhyPdu

n
r-

sp
e

ct
ru

m
-p

h
y.

cc

nr-ue-phy.cc

nr-ue-mac.cc

Slot began 
with other UE 
transmitting in 
previous slot

Packet 
Received



Section 2.1: ns-3 Implementation Overview: 
Packet Generation/Transmission Flow + SPS

▪ nr-ue-phy.cc:

▪ Manages 
initialization at slot 
start

▪ nr-ue-mac.cc:

▪ Main logic: SPS 
RGB exclusions, 𝑅𝑐 
selection

▪ Implements 3GPP 
38.214

StartSlot SlotIndication DoSlotIndication

DoNrSlotIndicationUpdateSensingWindow

DoSchedUeNrSlTriggerReq DoNrSlAllocation

GetRndmReselectionCounterGetNrSlTxOpportunities

nr-ue-phy.cc nr-ue-mac.cc

nr-sl-ue-mac-
scheduler-ns3.cc

nr-sl-ue-mac-
scheduler-simple.cc

𝑅𝑐 > 0?

Slot 
Begins

Packet 
Transmitted

1

2
yes

No

DoNrSlotIndication cont.

▪ nr-sl-ue-mac-scheduler-ns3.cc:
▪ Calls scheduler implementation

▪ nr-sl-ue-mac-scheduler-simple.cc:
▪ Main logic: selecting RGB for new grants



Section 2.1: ns-3 Implementation Overview: 
Loss and Error Models

▪ Phy Model from “New Radio 
Physical Layer Abstraction 
for System-Level Simulations 
of 5G Networks” by Lagen et 
al.

▪ three-gpp-propagation-loss-
model.cc used for 
propagation losses

▪ MIMO features in three-gpp-
spectrum-propagation-loss-
model.cc disabled for 
simplicity

▪ Nr Module uses tables in 
nr-eesm-t2.cc to obtain 
BLER from SINR after 
propagation losses
▪ Tables recreate curves in 

Lagen et al.

Figure from “New Radio Physical Layer Abstraction for System-Level Simulations of 5G 
Networks” by Lagen et al.

Nr Module

Propagation Module
three-gpp-

propagation-loss-
model.cc



Section 2.1: ns-3 
Implementation 
Overview: 
Example Simulation File

▪ Uses nr-v2x-west-to-east-
highway.cc as base

▪ Main changes:

▪ Under the hood, fixing bugs

▪ Mobility changes

▪ More compact, no 
movement – mac 
collision model

▪ Opposite direction 
movement – more 
realistic model

▪ Main sim: nr-v2x-west-to-
east-highway.cc-
BradyCao/ nr-v2x-west-to-
east-highway.cc-
BradyCao-PHYCol

▪ Github: 
https://github.com/CollinBrad
y1993/Code-for-NR-C-V2X-
Tutorial



Section 2.1: ns-3 Implementation Overview: 
Simulation Output Files

▪ Additional traces not 
shown: pscchTxUeMac, 
pscchRxUePhy
▪ Similar to pssch versions 

shown here

▪ For all traces:

▪ Some entries hidden 
for clarity; more data 
available

▪ psschTxUeMac:

▪ Main trace for 𝑝𝐶𝑂𝐿 
calculation

▪ pktTxRx:
▪ Main trace for PRR 

calculation

▪ Collates duplicate 
retransmission 
receptions into one 
entry

psschTxUeMac psschRxUePhypktTxRx



Section 2.1: ns-3 
Implementation Overview: 
Matlab Analysis

▪ Matlab used to analyze ns-3 data

▪ All plots produced using Matlab

𝑝𝐶𝑂𝐿 analysis main logic

PRR analysis main logic part 1

PRR analysis main logic part 2



Section 2.2: Remaining Issues: 
Standards Ambiguous on when 
𝑹𝒄 Decrementation Occurs

▪ From the standards (38.321 5.22.1.3.1a): 

▪ “If the Sidelink HARQ Entity requests a new 
transmission, the Sidelink process shall:

▪  Generate a transmission as described below. 

▪  if this transmission corresponds to the last 
transmission of the MAC PDU:

▪ decrement 
SL_RESOURCE_RESELECTION_COUNTER by 1, if 
available.”

▪ Ambiguous if decrementation of 𝑅𝑐 occur 
before or after transmission is generated

▪ ns-3 decrements before, produces strange 
results for 𝑁𝑆𝑒 > 1

▪ Nonissue while 𝑅𝑐 is not transmitted but if 
it were, it would cause erroneous results.
▪ Packet sent at 2188 ms will not occupy resource for 

11 more transmissions, only 10

▪ Decrementing after - UEs use resource one 
more time than current implementation



Section 2.2: Remaining Issues: 
Standards Sensing Ignores PRB with no Packet Decode, Waste of 
Information and Problematic in NR-U

▪ By Standards only PRB with decoded packets get RSRP measured

▪ Other PRB can still have packets occupying them

▪ If a collision occurs no decoded packet, but high RSRP

▪ UEs should want to avoid these PRBs too

▪ In a coexistence scenario packets from other standards cannot be decoded in any circumstance, PRBs 
should still be avoided

▪ Lazy ns-3 fix for C-V2X only: include failed decodes in sensingData in nr-spectrum-phy

▪ Only works if sensing/selection don’t need to differentiate between decoded and undecoded packets

▪ Not clear that NR C-V2X code can handle coexistence case currently



Section 2.2: Remaining Issues: 
No Energy Detection

▪ SL UEs always attempt to decode packets, regardless 
of RSRP
▪ No mechanism to determine if packet exists in PRB, unlike 

uplink downlink no gNb to tell the UE where to decode

▪ No energy detection mechanism defined for NR for 
sidelink
▪ TSG RAN WG1 #109-e 

(https://www.3gpp.org/ftp/TSG_RAN/WG1_RL1/TSGR1_109-
e/Docs/R1-2205183.zip) indicates support for reuse of 37.213 
(Physical layer procedures for shared spectrum channel 
access, LTE-U)



Section 2.2: Remaining 
Issues: 
Spectrum Loss Model 
Hardcoded in nr-helper

▪ three-gpp-spectrum-propagation-
loss-model implements TR 37.885 
Section 6.2.3

▪ Nr-helper defaults to three-gpp-
spectrum-propagation-loss-model

▪ Issue: rest of nr-helper assumes 
use of three-gpp-spectrum-
propagation-loss-model and 
creates variables of that type, not 
easy to change spectrum loss 
model to something else

▪ (Bad) Solution: Comment out 
DoCalcRxPowerSpectralDensity, 
pass input as output
▪ Better Solution: Use constant-

spectrum-propagation-loss, but hard 
to implement and tedious to change 
out later



Section 2.2: Remaining Issues: 
nr-spectrum-phy tries to save time, ignores decodable packets

▪ RxSlPssch in nr-spectrum-phy tries to 
save time by ignoring duplicates if 
another packet in burst is already 
decoded
▪ Highlighted above in red

▪ Condition used results in ignoring 
packets under certain conditions

▪ Quick fix: comment out section
▪ Effects shown on right, UE doesn’t attempt to 

decode some packets, by forcing it to check 
everything more packets are decoded

▪ Only an issue for 𝑁𝑆𝑒 > 1

▪ Unsure why above code skips packets



Section 2.2: Remaining Issues: 
IPV4 does not support >254 UE

▪ When using >254 UE IPV4 SL C-V2X triggers above 
error
▪ Caused by using only bottom digits of IP address

▪ Not sure on location in code

▪ Simple solution: skip IP addresses ending in .0 or .1

Error Triggered

Simple Solution



Section 2.3: Model of PRR for Simple Scenario:
MAC Collision Model and Validation 

▪ A pure MAC-level sensitivity analysis for the collision probability 
(𝑃𝐶𝑂𝐿) and packet reception ratio (𝑃𝑅𝑅) in terms of 

▪ Resource keeping probability, 𝑝𝐾;

▪ UE density, 𝑁𝑈𝐸 (or 𝜌𝑈𝐸) ;

▪ Number of duplicate packet transmissions, 𝑁𝑆𝑒.

▪ The collision events are validated by ns-3.

▪ Key takeaways from the model and ns-3. 



Section 2.3: Model of PRR for Simple Scenario:

Physical Scenario – Demonstration Example

▪ UEs distributed uniformly in a line with density 𝜌𝑈𝐸 UE/m

▪ UEs synchronized in time/frequency

▪ Fully connected network
▪ All UEs within 𝑑𝑇𝑅 of the central UE can decode packets perfectly in the 

absence of interference

▪ MAC collision assumption
▪ If two (or more) UEs select the same PRB for transmission all UEs fail to 

decode those packets

Key Parameter: 
𝜌𝑈𝐸

𝑈𝐸𝑡

𝑈𝐸4

𝑈𝐸1

𝑈𝐸5

𝑈𝐸6

𝑑𝑇𝑅

𝑈𝐸7

𝑈𝐸8

𝑈𝐸2

𝑈𝐸3



Section 2.3: Model of PRR for Simple Scenario:
Setup and Assumption

▪ No PHY errors (ideal PHY)

▪ Sensing window size = Selection window size = 𝑇𝑅𝑅𝐼

▪ Total # of PRBs in each RRI: 𝑁𝑟 = 𝑁𝑠𝑐𝑇𝑅𝑅𝐼/𝑡𝑠

▪ UE obtains available PRBs by excluding occupied PRBs

▪ The available PRBs are assumed to be unoccupied;

▪ Synchronous Reselection Counter (𝑅𝑐) decrementation

▪ All UEs’ 𝑅𝑐 decrement (or change) simultaneously.

Sensing window & Selection window Synchronous 𝑹𝒄 Decrementation



Section 2.3: Model of PRR for Simple Scenario:
Collision Events 

▪ MAC Collision Probability (𝑃𝐶𝑂𝐿)
▪ MAC collision happens if

▪ Two (or more) UEs transmit in the same PRB → All UEs fail 
to decode any of the overlapped packets;

▪ MAC collision event starts in the selection window

▪ UE 0 (reference UE)’s 𝑅𝑐 decrements to 0 → UE enters the 
selection window

▪ UE 0 performs reselection → Collision Event 1;

▪ UE 0 does not perform reselection → Collision Event 2;

▪ Always followed by consecutive collisions right after the 
selection window.

▪  𝑃𝐶𝑂𝐿 = Pr{Collision Event 1} + Pr{Collision Event 2} 

   = 𝑃𝐶𝑂𝐿,1 + 𝑃𝐶𝑂𝐿,2



Section 2.3: Model of PRR for Simple Scenario:
Collision Events 

▪ Collision Event 1: UE 0 performs reselection (with probability 
1 − 𝑝𝐾 ) in the selection window

▪ Meanwhile, UE 1’s 𝑅𝑐 decrements to 0 → UE 1 enters the 
selection window;

▪ UE 1 performs reselection → UE 1 and UE 0 select the same 
PRB among available PRBs→ Collision happens;

▪ min{𝑅𝑐,𝑖𝑛𝑖𝑡
𝑈𝐸 0 , 𝑅𝑐,𝑖𝑛𝑖𝑡

𝑈𝐸 1 } ∈ [5, 15] consecutive collisions must happen 

right after the selection window.

Collision Event 1



Section 2.3: Model of PRR for Simple Scenario:
Collision Events 

▪ Collision Event 2: UE 0 does not perform reselection (with 
probability 𝑝𝐾) in the selection window

▪ UE 1 has collided with UE 0 in the prior RRIs;

▪ Collision Event 2 must be preceded by Collision Event 1; 

▪ Sub-Event 1: Collided UE’s 𝑅𝑐 = 0 when UE 0’s 𝑅𝑐 = 0;

▪ UE 1 does not perform reselection → UE 1 and UE 0 stick with the 
same PRB → Collision happens;

▪ min{𝑅𝑐,𝑖𝑛𝑖𝑡
𝑈𝐸 0 , 𝑅𝑐,𝑖𝑛𝑖𝑡

𝑈𝐸 1 } ∈ [5, 15] consecutive collisions must happen right 

after the selection window.

Collision Event 2: Sub-Event 1



Section 2.3: Model of PRR for Simple Scenario:
Collision Events 

▪ Collision Event 2: UE 0 does not perform reselection (with 
probability 𝑝𝐾) in the selection window

▪ UE 1 has collided with UE 0 in the prior RRIs;

▪ Collision Event 2 must be preceded by Collision Event 1; 

▪ Sub-Event 2: Collided UE’s 𝑅𝑐 ≠ 0 when UE 0’s 𝑅𝑐 = 0;

▪ UE 1 uses the previously reserved PRB→ UE 1 and UE 0 stick with the 
same PRB → Collision happens;

▪ min{𝑅𝑐,𝑖𝑛𝑖𝑡
𝑈𝐸 0 , 𝑅𝑐

𝑈𝐸 1} ∈ [0, 14] consecutive collisions must happen right 

after UE 0’s selection window.

Collision Event 2: Sub-Event 2



Section 2.3: Model of PRR for Simple Scenario:
𝑷𝑪𝑶𝑳 and 𝑷𝑹𝑹 

▪ Packet Reception Ratio (𝑷𝑹𝑹)
▪ MAC collision error (𝑷𝑪𝑶𝑳): Two UEs transmit in the same PRB;

▪ Half-duplex error (𝑷𝑯𝑫): In capable of transmitting and 
receiving in the same slot;

▪ 𝑃𝐻𝐷 =
𝑡𝑠

𝑇𝑅𝑅𝐼

▪ 𝑵𝑺𝒆 = 1: Both errors do not happen → This packet received 
successfully;

▪ 𝑃𝑅𝑅 = 1 − 𝑃𝐶𝑂𝐿(𝑁𝑆𝑒 , 𝑝𝐾, 𝑁𝑈𝐸) 1 − 𝑃𝐻𝐷

▪ 𝑵𝑺𝒆 > 1: At least one of 𝑁𝑆𝑒 duplicate packets received 
successfully → This packet received successfully; 

▪ 𝑃𝑅𝑅 = 1 − 1 − 1 − 𝑃𝐶𝑂𝐿(𝑁𝑆𝑒 , 𝑝𝐾, 𝑁𝑈𝐸) 1 − 𝑃𝐻𝐷
𝑁𝑆𝑒



Section 2.4: Results for Simple Example Scenario: 
UEs are fully connected – no distance dependance on PRR

Note: 𝑁𝑟 = 200 in our simulations



Section 2.4: Results for Simple Example Scenario: 

Effect of 𝒑𝑲 on 𝒑𝑪𝑶𝑳: 𝑵𝑼𝑬 = 𝟏𝟎𝟎, 𝑵𝑺𝒆 = 𝟏



Section 2.4: Results for Simple Example Scenario: 
Effect of 𝒑𝑲 and 𝑵𝑼𝑬 on 𝒑𝑪𝑶𝑳: 𝑵𝑺𝒆 = 𝟏



Section 2.4: Results for Simple Example Scenario: 

Effect of 𝒑𝑲 and 𝑵𝑼𝑬 on ഥ𝑵𝒂: 𝑵𝑺𝒆= 𝟏



Section 2.4: Results for Simple Example Scenario: 
Effect of 𝒑𝑲 and 𝑵𝑼𝑬 on 𝑷𝑹𝑹: 𝑵𝑺𝒆= 𝟏 



Section 2.4: Results for Simple Example Scenario: 
Effect of 𝑵𝑺𝒆 and 𝑵𝑼𝑬 on 𝒑𝑪𝑶𝑳:  𝒑𝑲 = 𝟎



Section 2.4: Results for Simple Example Scenario: 
Effect of 𝑵𝑺𝒆 and 𝑵𝑼𝑬 on 𝑷𝑹𝑹: 𝒑𝑲 = 𝟎



Section 2.4: Results for Simple Example Scenario: 
Effect of 𝒑𝑲 and 𝑵𝑼𝑬 on ഥ𝑵𝒄: 𝑵𝑺𝒆= 𝟏



Section 2.4: Results for Simple Example Scenario: 
Effect of 𝑵𝑼𝑬 on 𝐏 𝑵𝒄 : 𝑵𝑺𝒆= 𝟏, 𝒑𝒌 = 𝟎



Section 2.4: Results for Simple Example Scenario: 
Key Takeaways from Model and ns-3

▪ If 𝑁𝑈𝐸𝑁𝑆𝑒 << 𝑁𝑟:  ↑ 𝑁𝑆𝑒 →↑ 𝑃𝐶𝑂𝐿 →↑ 𝑃𝑅𝑅

▪ 𝑃𝑅𝑅(𝑁𝑆𝑒)  ∝ 1 −  𝑃𝐶𝑂𝐿(𝑁𝑆𝑒)𝑁𝑆𝑒: 𝑃𝐶𝑂𝐿(1) > 𝑃𝐶𝑂𝐿(𝑁𝑆𝑒)𝑁𝑆𝑒

▪ Example: 𝑃𝐶𝑂𝐿(1)  = 0.3; 𝑃𝐶𝑂𝐿(2) = 0.5 → 𝑃𝐶𝑂𝐿(2)2 = 0.25

▪ But if 𝑁𝑈𝐸𝑁𝑆𝑒 ≈ 𝑁𝑟 (or 𝑁𝑈𝐸𝑁𝑆𝑒 > 𝑁𝑟):  ↑ 𝑁𝑆𝑒 →↑ 𝑃𝐶𝑂𝐿 →↓ 𝑃𝑅𝑅

▪ 𝑃𝐶𝑂𝐿(1) < 𝑃𝐶𝑂𝐿(𝑁𝑆𝑒)𝑁𝑆𝑒 in the (over)saturated condition;

▪ Example: 𝑃𝐶𝑂𝐿(1)  = 0.6; 𝑃𝐶𝑂𝐿(2) = 0.8 → 𝑃𝐶𝑂𝐿(2)2 = 0.64

▪ ↑ 𝑝𝐾 →↓ 𝑃𝐶𝑂𝐿 →↑ 𝑃𝑅𝑅.

▪ ↑ 𝑝𝐾 → the behavior of the transmitter becomes more predictable 
(lower reselection frequency). 

▪ No tradeoff in a fully connected network but, 

▪ If UEs are entering and exiting the transmission range, there is an 
optimal 𝑝𝐾 for a given rate of change (represented by velocity).

▪ Collisions always happen consecutively (lasts 1 to16 𝑇𝑅𝑅𝐼 → 100 to1600 
milliseconds) in SPS

▪ The time-sensitive applications may suffer.
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Mobile Scenario



Section 3: Mobile Scenario:
Physical Scenario Refresher

▪ UEs distributed uniformly in a line with density 𝜌𝑈𝐸 UE/m

▪ 2 lanes
▪ UEs move at velocity 𝑣 in opposite directions

▪ PHY collision model
▪ If two UEs occupy the same PRB, one may be decoded based on SINR

▪ Parameters under test (PRR as a function of):
▪ 𝑁𝑆𝑒 vs 𝜌𝑈𝐸

▪ 𝑁𝑆𝑒 vs 𝑣

▪ 𝑝𝑘 vs 𝜌𝑈𝐸

▪ 𝑝𝑘 vs 𝑣

𝑣 𝑣 𝑣 𝑣 𝑣 𝑣 𝑣

𝑣 𝑣 𝑣 𝑣 𝑣 𝑣 𝑣 𝑣



Section 3: Mobile Scenario:
Motivation for Mobility

𝑡1 𝑡2

▪ Simple Model (MAC Collision) has fixed topology, full connectivity

▪ No hidden nodes, no new nodes

▪ Goal of mobility:

▪ Introduce a mechanism represent topology changes over time

▪ Topology affects network state:
▪ PRB choices made with info from topology during reselection

▪ Topology changes → collisions with unknown (during reselection) UEs

collision
Note: PRBs and 
UEs color coded



Section 3: Mobile Scenario:

Expected Effects of Mobility

𝑡1 𝑡2

▪ In all cases:

▪ From fully connected network: reselect less often (higher 𝑝𝑘) = more predictable = 
higher PRR

▪ Faster topology changes → reselect more often

▪ Previous reselection (𝑝𝑘) ignores new information, suboptimal PRB choice for current situation

▪ Key Tradeoff – Predictability vs Topology Rate of Change 

▪ At what point (new 𝑝𝑘) are gains from being more predictable overcome by losses from not 
reacting to new information?

▪ If topology changes number of UE in decode region

▪ Different 𝑁𝑆𝑒 will be preferred - Need algorithm to tune over time

▪ Outside the scope of this tutorial

collision
Note: PRBs and 
UEs color coded



Section 3: Mobile Scenario:
Mobility Model Specifics

Outer Region Inner Region Outer Region

Simulation 
Boundary

Simulation 
Boundary

▪ Uses constant-velocity-mobility-model as base
▪ UEs move in one direction, reach predefined boundary, then move 

instantaneously to other boundary
▪ Regions (outer and inner) are used for data processing

▪ UEs in outer regions lack sufficient neighbors, ignored when computing PRR



Section 3: Mobile Scenario:
ns-3 New Mobility Model in 
Code

▪ New mobility model:

▪ Constant-velocity-
mobility-model-
bounded

▪ Same as Constant-
velocity-mobility-model 
but uses new update 
function

▪ Update function checks 
bounds in mobility 
model, moves UE to 
other side if bounds 
exceeded



Section 3: Mobile Scenario:

PHY Layer Model Specifics

▪ Ns-3 uses BLER curves from [2] by 
Lagen et al. for PSSCH/PSCCH

▪ Path loss model – 3GPP V2V Highway

▪ In absence of collisions – UEs cannot 
decode packets beyond ≈800 m

▪ Outer region is 800 m from simulation 
boundary

▪ For approximation introduce 
simplified 0/1 decode model (red 
curve)

▪ 𝑃𝑃𝑅𝑅,𝑎𝑝𝑝𝑟𝑜𝑥 = ൝
1; 𝑑𝑡,𝑟 < 𝑑𝐷

0; 𝑑𝑡,𝑟 > 𝑑𝐷

▪ 𝑑𝐷 = ׬ 𝑃𝑅𝑅 𝑑 𝑑𝑑 → dD ≈ 350𝑚 

▪ 𝑃𝑃𝑅𝑅,𝑎𝑝𝑝𝑟𝑜𝑥 used to calculate 𝑁𝐷 - 

number of “decodable” UE

▪ 𝑁𝐷 =
2𝑑𝐷

𝑑𝑉
⋅ 𝑁𝐿𝑎𝑛𝑒𝑠

Mobility Scenario

Fully Connected Scenario

2600 m

≤200 m



Section 3: Mobile Scenario:
PHY Layer Model Specifics 2

▪ High Density = Oversaturated Channel -
𝑁𝑆𝑒𝑁𝐷

𝑁𝑟
> 1.25

▪ 𝜌𝑈𝐸 =
1

20

𝑈𝐸

𝑚⋅𝐿𝑎𝑛𝑒
→ 𝑑𝑉 = 20𝑚 → 𝑁𝐷 =

2𝑑𝐷

𝑑𝑉
⋅ 𝑁𝐿𝑎𝑛𝑒𝑠 =

2 350

20
2 = 70

▪ Medium Density = saturated Channel - .5 <
𝑁𝑆𝑒𝑁𝐷

𝑁𝑟
< 1.25

▪ 𝜌𝑈𝐸 =
1

40

𝑈𝐸

𝑚⋅𝐿𝑎𝑛𝑒
→ 𝑑𝑉 = 40𝑚 → 𝑁𝐷 =

2𝑑𝐷

𝑑𝑉
⋅ 𝑁𝐿𝑎𝑛𝑒𝑠 =

2 350

40
2 = 34

▪ Low Density = Undersaturated Channel -
𝑁𝑆𝑒𝑁𝐷

𝑁𝑟
< .5

▪ 𝜌𝑈𝐸 =
1

100

𝑈𝐸

𝑚⋅𝐿𝑎𝑛𝑒
→ 𝑑𝑉 = 100𝑚 → 𝑁𝐷 =

2𝑑𝐷

𝑑𝑉
⋅ 𝑁𝐿𝑎𝑛𝑒𝑠 =

2 350

100
2 = 14



Section 3: Mobile Scenario:
PHY Layer Model Specifics 3

▪ Speed defined in terms of new UE after 𝐸 𝑅𝑐 𝑇𝑅𝑅𝐼 = 1 
seconds

▪
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑁𝑒𝑤 𝑈𝐸 𝐴𝑓𝑡𝑒𝑟 1 𝑆𝑒𝑐𝑜𝑛𝑑𝑠

𝑁𝐷
=

(𝑣𝑁𝐷/(2𝑑𝐷))

𝑁𝐷
=

𝑣

2𝑑𝐷

▪ 0 ≤
𝑣

2𝑑𝐷
≤ .5

▪ High speed = 
𝑣

2𝑑𝐷
 ≥ .25 

▪ 𝑣 = 2 ∗ .35 ∗ 350 ≈ 250 𝑚/𝑠

▪ Low Speed = 0 ≤
𝑣

2𝑑𝐷
< .25 

▪ 𝑣 = 2 ∗ .175 ∗ 350 ≈ 125 𝑚/𝑠

▪ Static = 
𝑣

2𝑑𝐷
 = 0 

▪ 𝑣 = 0 𝑚/𝑠



Section 3.1: Results for Mobile Scenario:

Distance Dependance Necessitates New Metric

▪ PRR now a function of 𝑑𝑡,𝑟 - inter tx/rx distance in m

▪ Can’t average like fully connected case

▪ Define:

▪ 𝑃𝑅𝑅 =
1

𝑥
𝑑=0׬

𝑥
𝑃𝑅𝑅 𝑑 𝑑𝑑

▪ 𝑥 not important so long as 𝑃𝑅𝑅 𝑥 ≈ 0

▪ For rest of slides 𝑥 = 800



Section 3.1: Results for Mobile Scenario:
Effect of 𝑵𝑺𝒆 and 𝒗 on 𝑷𝑹𝑹, 𝒅𝑽 = 𝟐𝟎, 𝒑𝒌 = 𝟎



Section 3.1: Results for Mobile Scenario:
Effect of 𝒑𝒌 and 𝒗 on 𝑷𝑹𝑹, 𝒅𝑽 = 𝟐𝟎, 𝑵𝑺𝒆 = 𝟏



Section 3.1: Results for Mobile Scenario:

Summary of Major Findings
Tested 

Parameter
Finding for Fully Connected Network Finding for Mobile Network

UE density (𝑑𝑉 
and 𝑁𝑈𝐸)

Increasing UE density reduces the PRR due to an 
increase in collisions. (Slide 39)

Increasing UE density reduces the PRR due to an 
increase in collisions. (Slide 55)

Speed (𝑣 m/s) (untested)
Speed alone is not a major contributor to PRR 
(Slide 55). Differences in PRR as a function of 

speed are a function of BLER model.

Reselection 
Probability (1 −

𝑝𝑘)

Reducing reselection probability improves PRR in 
all tested scenarios. This occurs because it makes 

the behavior of the transmitting UE more 
predictable to other UEs, thus reducing collisions. 

(Slide 39)

At static speeds 𝑝𝑘 = .8 maximizes 𝑃𝑅𝑅 (same as fully 
connected network). The effect is less pronounced than 

fully connected because the UEs at the edge of a reference 
UEs decode range are only considered during reselection 

sometimes, creating a natural, but small, topology change 
(slide 56)

At low and high speeds 𝑝𝑘 = .4 maximizes 𝑃𝑅𝑅 because 
rapid topology changes introduces losses from not 

reselecting, like in slide 46, changes to physical topology 
can cause collisions. (slide 56)

Number of Blind 
Retransmissions 

(𝑁𝑆𝑒)

Increasing the number of blind retransmissions 
improves PRR at low UE densities due to repetition 

coding gains, at high UE densities this 
improvement is negated by an increase in 

collisions (Slide 41)

Increasing the number of blind retransmissions 
improves PRR at low UE densities due to repetition 

coding gains, at high UE densities this 
improvement is negated by an increase in 

collisions (Slide 55)

All findings assume a fixed 𝑁𝑟 and 𝑇𝑅𝑅𝐼
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Appendix A: Additional Simple Scenario Results:

Effect of 𝒑𝑲 on 𝑷𝑹𝑹: 𝑵𝑼𝑬 = 𝟏𝟎𝟎, 𝑵𝑺𝒆 = 𝟏



Appendix A: Additional Simple Scenario Results:

Effect of 𝑵𝑺𝒆 on 𝑷𝑹𝑹 : 𝒑𝑲 = 𝟎, 𝑵𝑼𝑬 = 𝟏𝟎𝟎



Appendix A: Additional Simple Scenario Results:
Effect of 𝑵𝑺𝒆 on 𝒑𝑪𝑶𝑳:  𝒑𝑲 = 𝟎, 𝑵𝑼𝑬 = 𝟏𝟎𝟎



Appendix A: Additional Simple Scenario Results:

Effect of 𝒑𝑲 on ഥ𝑵𝒂: 𝑵𝑺𝒆 = 𝟏, 𝑵𝑼𝑬 = 𝟏𝟎𝟎



Appendix A: Additional Simple Scenario Results:

Effect of 𝑵𝑺𝒆 and 𝑵𝑼𝑬 on ഥ𝑵𝒂: 𝒑𝑲 = 𝟎



Appendix A: Additional Simple Scenario Results:

Effect of 𝑵𝑺𝒆 on ഥ𝑵𝒂:  𝒑𝑲 = 𝟎, 𝑵𝑼𝑬 = 𝟏𝟎𝟎



Appendix A: Additional Simple Scenario Results:
Effect of 𝒑𝑲 on ഥ𝑵𝒄: 𝑵𝑼𝑬 = 𝟏𝟎𝟎, 𝑵𝑺𝒆 = 𝟏



Appendix A: Additional Simple Scenario Results:
Effect of 𝑵𝑺𝒆 and 𝑵𝑼𝑬 on ഥ𝑵𝒄: 𝒑𝑲 = 𝟎



Appendix A: Additional Simple Scenario Results:
Effect of 𝑵𝑺𝒆 on ഥ𝑵𝒄:  𝒑𝑲 = 𝟎, 𝑵𝑼𝑬 = 𝟏𝟎𝟎
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