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Motivation

Current vehicular Radio Access Technologies (RATs):

• Dedicated short-range communications (DSRC) / 802.11p.

• Cellular V2X (C-V2X).
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Scenario: competing cellular and DSRC users

• Users divided into 2 groups:cellular users (relays and transmitters) and DSRC users.

• Assumption: Bs does orthogonal scheduling in uplink.

• CSMA: perfect sensing threshold (st).

• CSMA: imperfect sensing threshold (pe).
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Scenario: analytical framework
Stochastic geometry to capture the randomness of wireless networks.

Our scenario:

• Manhattan grid ∼Poisson line process λs .

• Micro cells λb.

• Users distributed as a PPP in
each lane of density λu .

• Users: relays (λr = 0.25λu), transmitters (λt = 0.25λu)
and DSRC users (λd = 0.5λu).

• Pathloss model: distance-dependent function.

LdB(Xs) = βdB +
∑S

i=1 10α log10 (xi ) + (S − 1)∆dB

Xs = {x1}

α pathloss exponent
βdB frequency dependent offset
∆dB corner loss
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Relay selection and coverage probability

BS

relaysRu

transmitters

802.11 users

• Neglect interference from parallel streets.

• High probability to be attached to a LOS Base Station.

γBs−Ru =
PtxbhL(r)

N

+ IBsL︸︷︷︸

∑
x1,i∈Φb

Ptxb
giL(x1,i )

+ IBsN︸︷︷︸

∑
x1,j∈Φb
x2,j∈Φs

Ptxb
gjL({x1,j ,x2,j})

+ IDSRC
L + IDSRC

N

INTERFERENCE DIFFICULT TO HANDLE

Φb Base station Poisson Point Process
Φs Streets Poisson Line Process

B. Ramos Elbal, M. K. Müller, S. Schwarz and M. Rupp,“Coverage-Improvement of V2I Communication Through Car-Relays in Microcellular

Urban Networks” in 2018 26th European Signal Processing Conference (EUSIPCO).
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Interference mapping

• Mapping the interference of one perpendicular street to the
street where the Ru is placed.

• Mapping constant:

MBS = 2λb

(
1 +

1

α− 1

)
• Interference power:

I = IL + IN =
∑

x1,i∈Φb

PtxbgiL(x1,i ) +
∑

x1,j∈Φb
x2,j∈Φs

PtxbgjL({x1,jx2,j})

=
∑

x1,i∈Φb

PtxbgiL(x1,i ) + MBS∆
∑

x2,j∈Φs

PtxbgjL(x2,j )

B. Ramos Elbal, M. K. Müller, S. Schwarz and M. Rupp,“Coverage Analysis of Relay Assisted V2I Communication in Microcellula

Urban Networks” in 2019 27th European Signal Processing Conference (EUSIPCO).
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Coverage probability

Conditioning on the BS-RU distance r , we can compute the direct link coverage probability as follows:

pBS-u
c (T |r)

= P[γBS−RU > T |r ]

= P[h > TβP−1
txb

rα(N + IBS−RU)|r ]

= EI ,G [exp(−TrαP−1
txb

(βN + IBS−RU))]

= EI ,G [exp(−TrαβP−1
txb

N) exp(−TrαβP−1
txb

IBS−RU)]

= exp(−TrαβP−1
txb

N)

EI ,G [exp(−TrαβP−1
txb

IBsL )]︸ ︷︷ ︸
LBS-u

IL
(Trα)

EI ,G [exp(−TrαβP−1
txb

IBsN )]︸ ︷︷ ︸
LBS-u

IN
(Trα)

EI ,G [exp(−TrαβP−1
txb

IDSRC
L )]︸ ︷︷ ︸

LD-u
IL

(TrαβP−1
txb

)

EI ,G [exp(−TrαβP−1
txb

IDSRC
N )]︸ ︷︷ ︸

LD-u
IN

(TrαβP−1
txb

)

IBS−RU =
∑

x1,i∈Φb

gix
−α
1,i + MBS∆

∑
x2,i∈Φs

gix
−α
2,i

+
∑

x1,i∈Φd

gix
−α
1,i + Md∆

∑
x2,i∈Φs

gix
−α
2,i

Coverage probability of the direct link:

PBs-Ru
c (T ) =

∫ ∞
0

pBs-Ru
c (T |r)fr (r)dr
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Coverage probability

Conditioning on the BS-RU distance r , we can compute the direct link coverage probability as follows:

pBS-u
c (T |r) = P[γBS−RU > T |r ]

= P[h > TβP−1
txb

rα(N + IBS−RU)|r ]

= EI ,G [exp(−TrαP−1
txb

(βN + IBS−RU))]

= EI ,G [exp(−TrαβP−1
txb

N) exp(−TrαβP−1
txb

IBS−RU)]

= exp(−TrαβP−1
txb

N)

EI ,G [exp(−TrαβP−1
txb

IBsL )]︸ ︷︷ ︸
LBS-u

IL
(Trα)

EI ,G [exp(−TrαβP−1
txb

IBsN )]︸ ︷︷ ︸
LBS-u

IN
(Trα)

EI ,G [exp(−TrαβP−1
txb

IDSRC
L )]︸ ︷︷ ︸

LD-u
IL

(TrαβP−1
txb

)

EI ,G [exp(−TrαβP−1
txb

IDSRC
N )]︸ ︷︷ ︸

LD-u
IN

(TrαβP−1
txb

)

IBS−RU =
∑

x1,i∈Φb

gix
−α
1,i + MBS∆

∑
x2,i∈Φs

gix
−α
2,i

+
∑

x1,i∈Φd

gix
−α
1,i + Md∆

∑
x2,i∈Φs

gix
−α
2,i

Coverage probability of the direct link:

PBs-Ru
c (T ) =

∫ ∞
0

pBs-Ru
c (T |r)fr (r)dr

Slide 8 / 15



Coverage probability

Conditioning on the BS-RU distance r , we can compute the direct link coverage probability as follows:

pBS-u
c (T |r) = P[γBS−RU > T |r ]

= P[h > TβP−1
txb

rα(N + IBS−RU)|r ]

= EI ,G [exp(−TrαP−1
txb

(βN + IBS−RU))]

= EI ,G [exp(−TrαβP−1
txb

N) exp(−TrαβP−1
txb

IBS−RU)]

= exp(−TrαβP−1
txb

N)

EI ,G [exp(−TrαβP−1
txb

IBsL )]︸ ︷︷ ︸
LBS-u

IL
(Trα)

EI ,G [exp(−TrαβP−1
txb

IBsN )]︸ ︷︷ ︸
LBS-u

IN
(Trα)

EI ,G [exp(−TrαβP−1
txb

IDSRC
L )]︸ ︷︷ ︸

LD-u
IL

(TrαβP−1
txb

)

EI ,G [exp(−TrαβP−1
txb

IDSRC
N )]︸ ︷︷ ︸

LD-u
IN

(TrαβP−1
txb

)

IBS−RU =
∑

x1,i∈Φb

gix
−α
1,i + MBS∆

∑
x2,i∈Φs

gix
−α
2,i

+
∑

x1,i∈Φd

gix
−α
1,i + Md∆

∑
x2,i∈Φs

gix
−α
2,i

Coverage probability of the direct link:

PBs-Ru
c (T ) =

∫ ∞
0

pBs-Ru
c (T |r)fr (r)dr

Slide 8 / 15



Coverage probability

Conditioning on the BS-RU distance r , we can compute the direct link coverage probability as follows:

pBS-u
c (T |r) = P[γBS−RU > T |r ]

= P[h > TβP−1
txb

rα(N + IBS−RU)|r ]

= EI ,G [exp(−TrαP−1
txb

(βN + IBS−RU))]

= EI ,G [exp(−TrαβP−1
txb

N) exp(−TrαβP−1
txb

IBS−RU)]

= exp(−TrαβP−1
txb

N)

EI ,G [exp(−TrαβP−1
txb

IBsL )]︸ ︷︷ ︸
LBS-u

IL
(Trα)

EI ,G [exp(−TrαβP−1
txb

IBsN )]︸ ︷︷ ︸
LBS-u

IN
(Trα)

EI ,G [exp(−TrαβP−1
txb

IDSRC
L )]︸ ︷︷ ︸

LD-u
IL

(TrαβP−1
txb

)

EI ,G [exp(−TrαβP−1
txb

IDSRC
N )]︸ ︷︷ ︸

LD-u
IN

(TrαβP−1
txb

)

IBS−RU =
∑

x1,i∈Φb

gix
−α
1,i + MBS∆

∑
x2,i∈Φs

gix
−α
2,i

+
∑

x1,i∈Φd

gix
−α
1,i + Md∆

∑
x2,i∈Φs

gix
−α
2,i

Coverage probability of the direct link:

PBs-Ru
c (T ) =

∫ ∞
0

pBs-Ru
c (T |r)fr (r)dr

Slide 8 / 15



Coverage probability

Conditioning on the BS-RU distance r , we can compute the direct link coverage probability as follows:

pBS-u
c (T |r) = P[γBS−RU > T |r ]

= P[h > TβP−1
txb

rα(N + IBS−RU)|r ]

= EI ,G [exp(−TrαP−1
txb

(βN + IBS−RU))]

= EI ,G [exp(−TrαβP−1
txb

N) exp(−TrαβP−1
txb

IBS−RU)]

= exp(−TrαβP−1
txb

N)

EI ,G [exp(−TrαβP−1
txb

IBsL )]︸ ︷︷ ︸
LBS-u

IL
(Trα)

EI ,G [exp(−TrαβP−1
txb

IBsN )]︸ ︷︷ ︸
LBS-u

IN
(Trα)

EI ,G [exp(−TrαβP−1
txb

IDSRC
L )]︸ ︷︷ ︸

LD-u
IL

(TrαβP−1
txb

)

EI ,G [exp(−TrαβP−1
txb

IDSRC
N )]︸ ︷︷ ︸

LD-u
IN

(TrαβP−1
txb

)

IBS−RU =
∑

x1,i∈Φb

gix
−α
1,i + MBS∆

∑
x2,i∈Φs

gix
−α
2,i

+
∑

x1,i∈Φd

gix
−α
1,i + Md∆

∑
x2,i∈Φs

gix
−α
2,i

Coverage probability of the direct link:

PBs-Ru
c (T ) =

∫ ∞
0

pBs-Ru
c (T |r)fr (r)dr

Slide 8 / 15



Coverage probability

Conditioning on the BS-RU distance r , we can compute the direct link coverage probability as follows:

pBS-u
c (T |r) = P[γBS−RU > T |r ]

= P[h > TβP−1
txb

rα(N + IBS−RU)|r ]

= EI ,G [exp(−TrαP−1
txb

(βN + IBS−RU))]

= EI ,G [exp(−TrαβP−1
txb

N) exp(−TrαβP−1
txb

IBS−RU)]

= exp(−TrαβP−1
txb

N)

EI ,G [exp(−TrαβP−1
txb

IBsL )]︸ ︷︷ ︸
LBS-u

IL
(Trα)

EI ,G [exp(−TrαβP−1
txb

IBsN )]︸ ︷︷ ︸
LBS-u

IN
(Trα)

EI ,G [exp(−TrαβP−1
txb

IDSRC
L )]︸ ︷︷ ︸

LD-u
IL

(TrαβP−1
txb

)

EI ,G [exp(−TrαβP−1
txb

IDSRC
N )]︸ ︷︷ ︸

LD-u
IN

(TrαβP−1
txb

)

IBS−RU =
∑

x1,i∈Φb

gix
−α
1,i + MBS∆

∑
x2,i∈Φs

gix
−α
2,i

+
∑

x1,i∈Φd

gix
−α
1,i + Md∆

∑
x2,i∈Φs

gix
−α
2,i

Coverage probability of the direct link:

PBs-Ru
c (T ) =

∫ ∞
0

pBs-Ru
c (T |r)fr (r)dr

Slide 8 / 15



Coverage probability

Conditioning on the BS-RU distance r , we can compute the direct link coverage probability as follows:

pBS-u
c (T |r) = P[γBS−RU > T |r ]

= P[h > TβP−1
txb

rα(N + IBS−RU)|r ]

= EI ,G [exp(−TrαP−1
txb

(βN + IBS−RU))]

= EI ,G [exp(−TrαβP−1
txb

N) exp(−TrαβP−1
txb

IBS−RU)]

= exp(−TrαβP−1
txb

N)

EI ,G [exp(−TrαβP−1
txb

IBsL )]︸ ︷︷ ︸
LBS-u

IL
(Trα)

EI ,G [exp(−TrαβP−1
txb

IBsN )]︸ ︷︷ ︸
LBS-u

IN
(Trα)

EI ,G [exp(−TrαβP−1
txb

IDSRC
L )]︸ ︷︷ ︸

LD-u
IL

(TrαβP−1
txb

)

EI ,G [exp(−TrαβP−1
txb

IDSRC
N )]︸ ︷︷ ︸

LD-u
IN

(TrαβP−1
txb

)

IBS−RU =
∑

x1,i∈Φb

gix
−α
1,i + MBS∆

∑
x2,i∈Φs

gix
−α
2,i

+
∑

x1,i∈Φd

gix
−α
1,i + Md∆

∑
x2,i∈Φs

gix
−α
2,i

Coverage probability of the direct link:

PBs-Ru
c (T ) =

∫ ∞
0

pBs-Ru
c (T |r)fr (r)dr

Slide 8 / 15



Coverage probability

Conditioning on the BS-RU distance r , we can compute the direct link coverage probability as follows:

pBS-u
c (T |r) = P[γBS−RU > T |r ]

= P[h > TβP−1
txb

rα(N + IBS−RU)|r ]

= EI ,G [exp(−TrαP−1
txb

(βN + IBS−RU))]

= EI ,G [exp(−TrαβP−1
txb

N) exp(−TrαβP−1
txb

IBS−RU)]

= exp(−TrαβP−1
txb

N)

EI ,G [exp(−TrαβP−1
txb

IBsL )]︸ ︷︷ ︸
LBS-u

IL
(Trα)

EI ,G [exp(−TrαβP−1
txb

IBsN )]︸ ︷︷ ︸
LBS-u

IN
(Trα)

EI ,G [exp(−TrαβP−1
txb

IDSRC
L )]︸ ︷︷ ︸

LD-u
IL

(TrαβP−1
txb

)

EI ,G [exp(−TrαβP−1
txb

IDSRC
N )]︸ ︷︷ ︸

LD-u
IN

(TrαβP−1
txb

)

IBS−RU =
∑

x1,i∈Φb

gix
−α
1,i + MBS∆

∑
x2,i∈Φs

gix
−α
2,i

+
∑

x1,i∈Φd

gix
−α
1,i + Md∆

∑
x2,i∈Φs

gix
−α
2,i

Coverage probability of the direct link:

PBs-Ru
c (T ) =

∫ ∞
0

pBs-Ru
c (T |r)fr (r)dr

Slide 8 / 15



Coverage probability: interference bounds
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Coverage probability: imperfect sensing
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Coverage probability: relay-assisted link
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• Relay-RU link: cell edge to exclude transmitters within the cell, sensing threshold around the relay.
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Simulation parameters

Parameter Value
Pathloss exponent, α 2

Corner loss, ∆dB 20dB
Pathloss offset, βdB 47.8dB

Noise power spectral density, N0 −174 dBm/Hz
Bandwidth, B 10MHz

Fading variance, σ2 1
Base station transmit power, Ptxb 40dBm
C-V2X user transmit power, Ptxu 23dBm

DSRC user transmit power, Ptx802.11 13dBm
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Simulation results: direct link coverage probability
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Simulation results: combined link coverage probability
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