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mmWave Comms for Next Generation ITSs

The IEEE 802.11p/DSRCcan achieve at most~2/7 Mbps, In practice 1t Is
hard to observe that.

However, DSRCstandards are suitable for low-rate data services (for e.qg.,
positioning beacon, emergency stop messages, etc.).

On the other hand, future CAVs will require solutions ensuring gigabit-per-
second communication links to achieve proper Olook-ahedO services
(involving cameras, LIDARS, etc.), etc.

It IS reasonable to design hybrid networks integrating both mmWave and
DSRC technologies
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mmWave Comms for Next Generation ITSs

D IEEE 802.11p/DSRC Coverage (Base Layers) D LTE-A Coverage (1St Enhancement Layers) D mmWave Coverage (an Enhancement Layers)
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Practical Highway Scenario
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Practical Highway Scenario
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System Model (Road Layout)

high speed lane 1 —>

high speed lane 2

Straight and homogeneous road section
Vehicles are required to drive on the left hand side of the road

We characterize the performance of a standard user placed at the origin of
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System Model (BS Distribution)

high speed lane 1

high speed lane 2

x-comp. of BS positions follow a 1D PPPof density Agg
A BS Is placed on a side of the road (upper/bottom side) with probabillity
g = 0.5 . Hence, BSs on a side of the road define a 1D PPP of densit@}! gs
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System Model (Blockage Distribution)

high speed lane >

high speed lane 2

] |

[ ]
C C C

Obstacles on each obstacle lane follow a 1D PPP of density ¢ i

Obstacle processes are independent but the blockage density of lane ! on
each traffic direction is the same

Each blockage is associated with afootprint of length !
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PL Model and User Association

We approximate Pr with the probabllity that no blockages are present
within a distance of ! / 2 on either side of the ray connecting the user to a
BS. Hence, ourapproximation is independent on the distance of BSito O

The PL function assoclated with BS Is

I(ri)= 1; L.CLri 't +( ! 1, )Cnr 'Y

The standard user always connects to the BS with theminimum PL
com ponent Andrea Tassi - a.tassi@bristol.ac.uk
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System Model (Beam Steering)

~—NLOS BS ¥ ~LOS and serving BS
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s——LOS BS

The main lobe of each BS Is always entirelydirected towards the roac
The user/BS beam alignment is assumed error-free
The beam on an interfering BS is steered uniformly within Oj and 180
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The Probability Framework

Assume the user connects to BS1, we define the SINRas
(™ s, antenna

SINR — -+ 120 —gains

normalized thermal
noise power

. Nj ~ EXP(1)
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The Probability Framework

Assume the user connects to BS1, we define the SINRas
(™ s, antenna

SINR = 121 —gains

normalized thermal
noise power

We characterize the following SINR outage
) g o tew) s
P[SINRog < !']=P ! P[SINRg > ! and std. user served in LOS]

+Py ! JI;[SINRO > 1 and std$|user served in NLOS
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Probability of Being Served in LOS/NLOS
The standard user connects to aNLOS BSWith probabllity

P = fu(r)g 2 AL WMo - dr
PDF of the closest
NLOS BS #*

PPP LOS void probability In
the segment [0, A L(N]

Andrea Tassi - a.tassi@bristol.ac.uk



Probability of Being Served in LOS/NLOS
The standard user connects to aNLOS BISWi'[h probabllity

PN — fN(r)e" 2! |_. AE(r)" W2 (Ng+1) 2 dr
W(N+1)

assi - a.tassi@bristol.ac.uk



Probability of Being Served in LOS/NLOS
The standard user connects to aNLOS BISWi'[h probabllity

PN — fN(r)e" 2!|_. AE(r)" WZ(NO+1)2dr
w (N o +1) g

where

AL(r)=max Ww(No+1)}

while, Py =11 Py
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Coverage Probability Terms

| PT.#) % | Pqu#g!) %
P[SINRg < !']=P ! P[SINRg > ! and std. user served in LOS]

+Py ! JI;[SINRO > | and Std$|user served in NLOS

Pcn (1)
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Coverage Probability Terms

PR S . S

i:’[SINRo <1]1=P7] iD[SINRO > | and std. user served in LOS]

+Py ! JI;[SINRO > | and std$|user served in NLOS

Pcn (1)
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Coverage Probability Terms

P L S N N S
PISINRo < !']|=P_ ! P[SINRp > ! and std. user served in LOS]

v g[SINRO > | and std$|user served in NLOS

Pcn (1)
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Coverage Probability Terms
P[SINRo < !]=P[ ! P[SINRp > ! and std. user served in LOS]

v/ g[SINRO > | and std$|user served in NLOS

Pcn (1)
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Coverage Probability Terms

pusanssmennss AS N 1 ~ EXP(1)

hl Al 6(7“1)

P, (0) > @ and std. user is served in LOS

(c+1)6 o1,

e ~1CL " fL(Tl)FN<AN(T1)) d?“l

o6 v QTQL
e A1Cp 1 Lr1, ( : ) fr.(r1)

FN(An(r1)) dr

A4 Cy,

"\ Expectation Prob. of not being
-~ wirt served in NLOS
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Coverage Probability Terms,

P L S N N A
PISINRo < !']|=P_ ! P[SINRp > ! and std. user served in LOS]

v/, g[SINRO > | and std$|user served in NLO$

As (v Increases, In order to be convenient, a NLOS BS has to be quite

close to O. Up to a point where Py is (almost) 1. If so,

PT(@) 3 1" © ] e,, ! !1"ch1 EIL Grf‘L H
W(No+1) EEVANL®;)

fr(ri)dry
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Coverage Probability Terms,

P L S N N A
PISINRo < !']|=P_ ! P[SINRp > ! and std. user served in LOS]

v/, g[SINRO > | and std$|user served in NLO$

As (v Increases, In order to be convenient, a NLOS BS has to be quite

close to O. Up to a point where Py is (almost) 1. If so,

+
_I_l N o #1 er:([)éL

fr(rq)dr
w(No-+1) A CL L(r1)drs

The rate coverage follows from the FubiniOs theorem (for a bandwidthw)

Re(!)=1-Pr(2" —1)
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A Fundamental Result

We proved that the Laplace transform of the interference component
generated by the BSs on the upper/bottom side of the road (S=U, S = B)
that are in LOS/NLOS with the user (E =L, E = N) can be approximated as

Lis e, (S) = Lise.E (S5a,D0,0 )
S!/{U,B},

(a1b1! )| C|X1‘,S:|_,E1,S,E

Conditioned of being served in LOS/NLOS (E; =L,E; =N).

Where the fundamental Laplace transform term isE
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A Fundamental Result

-
Ligem(siabl) = exp " En["(h!)]+ En[#(h! )]
: HPp ! E
e D (h Y =2g e x\ e 11 1
s'x+1 . _.iic
1 'na
Enll (h,") = !'29g(s")E t(ttY) Tex — +1
=
1 1 1 # 9 (s e !
4F, —, — +1 — +2:1t
E E =

t=1 (sl a* "E+1) ' 1
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A Fundamental Result

! s
exp " Enl" (h,D)]+ Enl#(n,1)]

Y, ! 1 HPL 'E
E [ (h" Y =2al g x''e 11
[ (h,")]=20 e s
.I_I.
" " 1 | 1 I _1 1
En' (h," )] = 129 g(s" )'e t(!t" ") "e# —+1
E
" L1 . # B (st b e+ !
gF1 —, —+1;, —+2; !t
E E E

t=1 (sl a* "E+1) ' 1
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Parametrization of L|S,E,E1

For simplicity, we assume that the TX antenna gain is alwaysequal to the
minimum value.

However, we characterize the RX antenna gain.
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Parametrization of L|S,E,E1

For simplicity, we assume that the TX antenna gain is alwaysequal to the
minimum value.

However, we characterize the RX antenna gain.
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Parametrization of L|S,E,E1

For simplicity, we assume that the TX antenna gain is alwaysequal to the
minimum value.

However, we characterize the RX antenna gain.
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Parametrization of L |, . E,
(@bt )" G565 |

Foranypa| | (k9T Gre) Finally, we can say
such that] > 0 » T O™ ORX ),
(Ix1],+" ,91x ORrX )

(IX1],K,g1x GRrx ),

For any|x1| (K, +" ,91x OrX ), I—
such that] # O (Ix2], 191, 9mx Grx ), L |, E1 (S) Bl L | = E1 (S)
(9], +" ,9rx 9rx)
(Xn(r1),J,97x 9rx ), S {U,B},E! {L,N}
For any|x1| (Xn(ra),+" ,01x ORX ),
such that] > O (J, K,d 1x Grx ), ] ]
(K +* .91 grx) Fore.g.,ifE;=LandJ >0, it follows
For any|x1| < U,L,U,L>J#0)
such that] # O and_ replacgx1]| | _
With Xy (r4) Lig,(S) = Lige (S X1], K, grx Grx )
0) S - - (lIJX1L|,-I;"L,9Tx %RX)’ é I_| (S X (r ) J )
efer to the case U,L,B,L > an
replace|x1 | with X|}|(I‘1) : seg,E1 S XN(Tl1), J, 91X URX
Refer to the case s
F n
such tﬁgsr:)zlrxSL K <U.L,B,L> and a LIS,E ,El (81 ‘J1 K! g X GRX )
replace|x 1| with x (r1) | 1
For any|x1 | RSf(Ie_r tL(J) tre cas(zI - N 2
< U,L,U,L> an .
such thatx, (r1) # K replacelx | with x, (1) al L == (S, K, + , gTX gRX ) )
Refer to the case U,L,B,L > and z . 1 3
replacexy with x| (1) al Lisc.E (S; X1, +" ,Orx Orx ) )
Cases where Refer to the correspondent cases , " L n " 3
whereS; =U andS =U ]
Cases where Refer to thle correspondent cases a IS, = ,El (S’ XN (r 1) ] ] gTX gRX )

S =B,S=U whereS; = U andS =B
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LOS vs. NLOS

1 n | | | | |
' The prob. of being served in
NLOS may not be trivial

: -3 Ny = 1, Simulation
1——Ngy =1, Theory

N, = 2, Simulation
No = 2, Theory
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SINR Outage

0.8
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SINR Outage
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SINR Outage

0.8

| o " :30", Gtx = 10d
0.7 [ " =90, Grx =10
v :30", Gtx =20
- 90, Gtx = 20d
| — — Simulation
1—Theory

0.1

= =
— . - " —
- - » o PN 70 1 - v v
A 3y
Ay — - E L
o
] 5

Andrea Tassi - a.tassi@bristol.ac.uk



SINR Outage
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SINR Outage
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Rate Coverage
1
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Rate Coverage
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K
What Have we seen?

The probabllity of being served by a NLOS BS cannot be considered
negligible .

By reducing the antenna beamwidth form 30; to 90; does not necessarily

have a disruptive impact on the the SINR outage probability, and hence, on
the rate coverage probabillity.

Differently to what happens in bi-dimensional mmWave cellular networks,
the BSs density does not largely affect the network performance.

Overall, for a fixed SINR threshold, the SINR outage probability tends to be
minimized by density values associated to sparse network deployments.
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