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m m Wa v e  C o m m s  f o r  N e x t  G e n e r a t i o n  I T S s

¥ The IEEE 802.11p/DSRC can achieve at most ~27 Mbps, in practice it is 
hard  to observe that. 

¥ However, DSRC standards are suitable for low-rate data services (for e.g., 
positioning beacon, emergency stop messages, etc.). 

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

¥ It is reasonable to design hybrid networks integrating both mmWave and 
DSRC technologies
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System Model
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P r a c t i c a l  H i g h w a y  S c e n a r i o

mmWave BSs 
placed at 

the side of 
the road
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P r a c t i c a l  H i g h w a y  S c e n a r i o

mmWave BSs 
placed at 

the side of 
the road

Obstacles
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S y s t e m  M o d e l  ( R o a d  L a y o u t )
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obstacle lane 1

obstacle lane 1
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w

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 

the axis.



S y s t e m  M o d e l  ( B S  D i s t r i b u t i o n )
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¥ x-comp. of BS positions follow a 1D PPP of density           
¥ A BS is placed on a side of the road (upper/bottom side) with probability  

            . Hence, BSs on a side of the road define a 1D PPP of density  

obstacle lane 2

obstacle lane 1

obstacle lane 1

obstacle lane 2

high speed lane 1
high speed lane 2

w

high speed lane 2

�BS

q = 0.5 q! BS



S y s t e m  M o d e l  ( B l o c k a g e  D i s t r i b u t i o n )

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

¥ Obstacles on each obstacle lane follow a 1D PPP of density  
¥ Obstacle processes are independent but the blockage density of lane     on 

each traffic direction is the same 
¥ Each blockage is associated with a footprint  of length  

! o,!
!

!

obstacle lane 2
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obstacle lane 1

obstacle lane 2

high speed lane 1
high speed lane 2

w !
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P L  M o d e l  a n d  U s e r  A s s o c i a t i o n
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¥ We approximate       with the probability that no blockages are present 
within a distance of          on either side of the ray connecting the user to a 
BS. Hence, our approximation is independent on the distance  of BS i to

pL
! / 2

O

¥ The PL function associated with BS i is

! (r i ) = 1i, L CL r ! ! L
i + (1 ! 1i, L )CN r ! ! N

i

¥ The standard user always connects to the BS with the minimum PL 
component

w
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¥ We approximate       with the probability that no blockages are present 
within a distance of          on either side of the ray connecting the user to a 
BS. Hence, our approximation is independent on the distance  of BS i to

pL
! / 2

O

pL
!=

N o!

! =1

e! " o, ! #
#Obs.  lane 
per driving 

direction

1D PPP void 
probability

¥ The PL function associated with BS i is

! (r i ) = 1i, L CL r ! ! L
i + (1 ! 1i, L )CN r ! ! N

i

¥ The standard user always connects to the BS with the minimum PL 
component



S y s t e m  M o d e l  ( B e a m  S t e e r i n g )
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w ! i

! i

! (U)

!

high speed lane 2

gTX /g RX

!

GTX /G RX

¥ The main lobe of each BS is always entirely directed towards the road  
¥ The user/BS beam alignment is assumed error-free 
¥ The beam on an interfering BS is steered uniformly within 0¡ and 180¡



SINR Outage and Rate Coverage
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T h e  P ro b a b i l i t y  F r a m e w o r k
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¥ Assume the user connects to BS 1, we define the SINR as

SINRO =
h1 �1 ! (r1)

" +
! b

j=2 hj �j ! (rj)
hj ~ EXP(1)

antenna 
gains

normalized thermal 
noise power
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¥ Assume the user connects to BS 1, we define the SINR as

SINRO =
h1 �1 ! (r1)

" +
! b

j=2 hj �j ! (rj)
hj ~ EXP(1)

antenna 
gains

normalized thermal 
noise power

PT ( ! )
! "# $
P[SINRO < ! ] = P L !

PCL ( ! )
! "# $
P[SINRO > ! and std. user served in LOS]

+ P N ! P[SINRO > ! and std. user served in NLOS]
# $! "

PCN ( ! )

¥ We characterize the following SINR outage



P ro b a b i l i t y  o f  B e i n g  S e r v e d  i n  L O S / N L O S
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¥ The standard user connects to a NLOS BS with probability

PN =
! !

w(N o +1)
f N (r )e" 2! L

!
A 2

L ( r ) " w 2 (N o +1) 2
dr

PDF of the closest 
NLOS BS

PPP LOS void probability in 
the segment [0, A L(r)] 
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¥ The standard user connects to a NLOS BS with probability

PN =
! !

w(N o +1)
f N (r )e" 2! L

!
A 2

L ( r ) " w 2 (N o +1) 2
dr
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¥ The standard user connects to a NLOS BS with probability  
 
 
 
where 

¥ While, 

PN =
! !

w(N o +1)
f N (r )e" 2! L

!
A 2

L ( r ) " w 2 (N o +1) 2
dr

AL (r ) = max

!

w(No + 1) ,
"

CN

CL
r ! ! N

#! 1
! L

$

PL = 1 ! PN

from 
CNr�↵N = CLA

�↵L
L
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PT ( ! )
! "# $
P[SINRO < ! ] = P L !

PCL ( ! )
! "# $
P[SINRO > ! and std. user served in LOS]

+ P N ! P[SINRO > ! and std. user served in NLOS]
# $! "

PCN ( ! )
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PCL(✓) = P
"
h1 �1 `(r1)

� + I
> ✓ and std. user is served in LOS

#

(i)
= EI

Z +1

w(N
o

+1)
e�

(�+I)✓
�1CL

r
↵L
1 fL(r1)FN(AN(r1)) dr1

(ii)
=
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w(N
o

+1)
e�

�✓

�1CL
r
↵L
1 LI,L

✓
✓r↵L

1

�1CL

◆
fL(r1)FN(AN(r1)) dr1

as h 1 ~ EXP(1) 

Expectation 
w.r.t I

Prob. of not being 
served in NLOS
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PT ( ! )
! "# $
P[SINRO < ! ] = P L !

PCL ( ! )
! "# $
P[SINRO > ! and std. user served in LOS]

+ P N ! P[SINRO > ! and std. user served in NLOS]
# $! "

PCN ( ! )

¥ As         increases, in order to be convenient, a NLOS BS has to be quite 
close to O. Up to a point where        is (almost) 1. If so,

↵N
PL

PT(θ) != 1 "
! +!

w(N o +1)
e" !"

! 1CL
r

# L
1 LI,L

"
θr↵L

1

�1CL

#
f L(r1) dr1
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PT ( ! )
! "# $
P[SINRO < ! ] = P L !

PCL ( ! )
! "# $
P[SINRO > ! and std. user served in LOS]

+ P N ! P[SINRO > ! and std. user served in NLOS]
# $! "

PCN ( ! )

¥ As         increases, in order to be convenient, a NLOS BS has to be quite 
close to O. Up to a point where        is (almost) 1. If so,

↵N
PL

PT(θ) != 1 "
! +!

w(N o +1)
e" !"

! 1CL
r

# L
1 LI,L

"
θr↵L

1

�1CL

#
f L(r1) dr1

¥ The rate coverage follows from the FubiniÕs theorem (for a bandwidth W)

RC(! ) = 1 � PT (2! /W � 1)
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A  F u n d a m e n t a l  R e s u l t

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

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

¥ Where the fundamental Laplace transform term isÉ

L I S, E ,E1 (s) !=
!

S1 ! { U,B } ,
(a,b, ! ) ! C| x 1 | , S1 , E1 , S, E

"
L I S, E ,E1 (s; a, b,! )

E1 E1
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L I S, E ,E1 (s; a, b,! ) != exp

!

"
"

Eh [" (h, ! )] + Eh [# (h, ! )]
#

$

Eh [! (h, " )] = 2 q! E

!
x! ! ! 1

E

"
1 !

1
s" x + 1

#$ b! ! E

x = a! ! E

Eh [! (h, " )] = ! 2q! E (s" )
1

! E

!

t(! t ! 1)! 1
! E #

"
1

" E
+ 1

#

á2 ÷F1

"
1

" E
,

1
" E

+ 1;
1

" E
+ 2; ! t

# $! (s! b! ! E +1) ! 1

t = ! (s! a! ! E +1) ! 1
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L I S, E ,E1 (s; a, b,! ) != exp
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L I S, E ,E1

¥ For simplicity, we assume that the TX antenna gain is always equal to the 
minimum value. 

¥ However, we characterize the RX antenna gain.

! (U)

J K
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x1

w
(N

o
+

1)

LOS and serving BS



P a r a m e t r i z a t i o n  o f

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

L I S, E ,E1

¥ For simplicity, we assume that the TX antenna gain is always equal to the 
minimum value. 

¥ However, we characterize the RX antenna gain.

! (U)

J K

r 1

x1

w
(N

o
+

1)

LOS and serving BS

No other LOS 
BSs can be 
present in this 
interval
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¥ For simplicity, we assume that the TX antenna gain is always equal to the 
minimum value. 

¥ However, we characterize the RX antenna gain.

! (U)

J K
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Min RX gain
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beam is selected to maximize the gain of the received signal
from the serving BS. We assume that! (U ) ! [ !

2 , " " !
2 ] or

! (U ) ! [" + !
2 , 2" " !

2 ] if the user is served by a BS on the
upper side or the bottom side of the road respectively. This
assumption ensures that interference BSs on the opposite side
of the road from the serving BS are always received by a
sidelobe, with gaingRX . We also assume that the standard
user directs its antenna beam towards the serving BS, which
is then received with gainGRX .

III. SINR OUTAGE AND RATE COVERAGE

CHARACHERAIZATION

For the sake of simplifying the notation and without loss of
generality, we say that the BS with index1 is the BS that the
standard user is connected to, while BS2, . . . , b deÞne the set
of the interfering BSs. We deÞne the SINR at the location of
the standard user as follows

SINRO =
h1 ! 1 #(r1)

$ +
! b

j =2 hj ! j #(r j )
, (9)

where hi and ! i are the squared norm of the small-scale
fading component and the overall transmission/reception an-
tenna gain associated with BSi transmissions, respectively,
for i = 1 , . . . , b. TermI =

! b
j =2 hj ! j #(r j ) is the total inter-

ference contribution. From Assumption 2.6 and 2.7, we have
that! 1 is equal toGTX GRX . Finally,$ represents the thermal
noise power normalized with respect to the transmission power
Pt .

In the reminder of the paper, we refer to the following
channel model assumption.

Assumption 3.1 (Channel Model):We account for the
impact of the small-scale fading. In particular, we refer to
a Rayleigh channel model and, hence,h1, . . . , hb are in-
dependently and identically distributed as an exponentially
distribution with mean equal to1.

A. Analytical Characterization ofI

In order to provide an analytical characterization of the
interference power atO, it is convenient to split the termI into
four different components: (i)IU,L and IU,N representing the
interference power associated to LOS and NLOS BSs placed
on the upper side of the road whose positions are deÞned by
the PPPs" U,L and" U,N , respectively, and, (ii)IB ,L andIB,N

the interference power generated by LOS and NLOS BSs on
the bottom side of the road placed at the location given by the
PPPs" B,L and" B,N . Overall, the total interference power is
given byI =

!
S! { U,B} ,E! { L ,N} IS,E . In addition, the relations

" L = " U,L
"

" B,L and" N = " U,N
"

" B,N hold.
In the following result, we derive an approximation of the

Laplace transformL I (s) of I.
Theorem 3.1:Let S1 = U and S1 = B represent the cases

where the standard user connects to a BS on the upper or the
bottom side of the road, respectively. In addition, letE1 = L
andE1 = N signify the cases where the standard user connects
to a LOS or NLOS BS, respectively. The Laplace transform

TABLE I
VALUES OF (a, b, ! ) BELONGING TO C|x 1 | ,S1 ,E1 ,S,E , FOR DIFFERENT

COMBINATIONS OF PARAMETERS< |x1 |, S1, E1, S, E >

< S1, E1, S, E > Conditions on|x1| (a, b, ! ) ! C|x 1 | ,S1 ,E1 ,S,E

< U, L, U, L >
For any|x1|

such thatJ > 0

(|x1 |, K, g TX GRX ),
(K, + " , gTX gRX ),
(|x1|, + " , gTX gRX )

For any|x1|
such thatJ # 0

(|x1 |, K, g TX GRX ),
(K, + " , gTX gRX ),
(|x1|, |J |, gTX GRX ),
(|J |, + " , gTX gRX )

< U, L, U, N >
For any|x1|

such thatJ > 0

(xN (r 1 ), J, gTX gRX ),
(xN (r 1 ), + " , gTX gRX ),

(J, K, g TX GRX ),
(K, + " , gTX gRX )

For any|x1|
such thatJ # 0

Refer to the case
< U, L, U, L > (J # 0)

and replace|x1|
with xN (r 1)

< U, L, B, L > For any|x1|
(|x1|, + " , gTX gRX ),
(|x1|, + " , gTX gRX ),

< U, L, B, N >
Refer to the case< U, L, B, L > and

replace|x1| with xN (r 1 )

< U, N, U, L >
For any|x1|

such thatxL (r 1 ) > K

Refer to the case
< U, L, B, L > and

replace|x1| with xL (r 1 )

For any|x1|
such thatxL (r 1 ) # K

Refer to the case
< U, L, U, L > and

replace|x1| with xL (r 1 )
< U, N, U, N > Refer to the case< U, L, U, L >

< U, N, B, L >
Refer to the case< U, L, B, L > and

replacex1 with xL (r 1 )
< U, N, B, N > Refer to the case< U, L, B, L >

Cases where
S1 = B , S = B

Refer to the correspondent cases
whereS1 = U andS = U

Cases where
S1 = B , S = U

Refer to the correspondent cases
whereS1 = U andS = B

L I S, E ,E1 (s) of IS,E , conditioned onE1, for S ! { U, B} and
E ! { L, N} , can be approximated as follows:

L I S, E ,E1 (s) #=
#

S1 ! { U,B} ,
(a,b, ! ) ! C| x 1 | , S1 , E1 , S, E

$
L I S, E ,E1 (s; a, b,! ), (10)

where L I S, E ,E1 (s; a, b,! ) is deÞned as in (32). We deÞne
the x-axis coordinatesJ and K of the points where
the two rays deÞning the standard user beam intersect a
side of the road, asJ = w(No + 1) / [tan( ! (U) + %/ 2)]
and K = w(No + 1) / [tan( ! (U) " %/ 2)], where
! (U) = tan " 1[w(No + 1) /x 1] (see Fig. 7). Furthermore,
let us deÞne xL (r1) =

%
(A L (r1))2 " w2(No + 1) 2

and xN (r1) =
%

(A N (r1))2 " w2(No + 1) 2. Different
combinations of parameters< |x1|, S1, E1, S, E > determine
different sequencesC|x1 |,S1 ,E1 ,S,E of parameter conÞgurations
(a, b,! ), as deÞned in Table I.

Proof: See Appendix A.
Example 3.1:Consider the scenario where the standard user

connects to a LOS BS, i.e.,E1 = L , and relationJ > 0
holds. We evaluate the Laplace transform of the interference
associated with the BSs located on the upper sider of the
road (S = U) that are in LOS with respect to the standard
user (E = L ). SequenceC|x1 |,U ,L ,U,L is given by the Þrst row
of Table I), while C|x1 |,B ,L ,U,L consists exactly by the same

¥ Finally, we can say  
 

¥ For e.g., if      = L and J > 0, it follows

L I ,E1 (s) !=
!

S! { U,B } ,E! { L ,N}

L I S, E ,E1 (s)

L I ,E1 (s) != L I S, E ,E1 (s; |x1|, K, gTX GRX )

á LI S, E ,E1 (s; xN (r 1), J, gTX gRX )

á LI S, E ,E1 (s; J, K, g TX GRX )

á
!
L I S, E ,E1 (s; K, + " , gTX gRX )

"2

á
!
L I S, E ,E1 (s; |x1|, + " , gTX gRX )

"3

á
!
L I S, E ,E1 (s; xN (r 1), + " , gTX gRX )

"3

E1
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Fig. 3. SINR outage probabilityPT as a function of the threshold" , for
No = 1 , # = { 30" , 90" } andGTX = { 10 dB, 20 dB} .

expression. We also observe that the equivalentx-ISD spans
between5 km (! BS = 2 á10! 4) and 50 m (! BS = 2 á10! 2).
In particular, as typically happens, we observe thatPL is
signiÞcantly grater thanPN but it is indeed not negligible.
In fact, if No = 1 then, for! BS = 4 á10! 3 (! BS = 10! 2), PL

is equal to0.95 (0.94). On the other hand, whenNo increases
to 2, the value ofPL drops to0.89and0.88, for ! BS = 4 á10! 3

and! BS = 10! 2, respectively.
Fig. 2 also compares our approximated theoretical expres-

sion of PL , as in (8), with the simulated one. We note
that (8) underestimatesPL , and, hence, (7) overestimatePN .
However, we observe that: (i) for! BS ! [2 á10! 4, 10! 2],
the underestimation error is negligible (it is smaller than
6.5 á10! 3), and (ii) for ultra-dense scenarios (! BS > 10! 2),
it never exceed1.3 á10! 2. We remark that the deviation
between simulations and theory is mainly generated by the
approximation we made, as in (1).

From Fig. 2, we must also conclude thatPL may have a non-
trivial minimum. In our scenarios, that is particularly evident
when No = 2 . Intuitively, that is because the probability of
being served by a NLOS BS increases as we move from ultra-
sparse to ultra-dense scenarios, i.e., it becomes more likely for
a NLOS BS to be closer toO that a LOS BS. However, that
reasoning holds up to a certain value of density. In fact, at
same point, the BS density becomes so high that it gets more
and more unlikely not to have a LOS BS that is close enough
to serve the typical user. That very behaviour is also captured
by the proposed theoretical model. For these reasons, we can
conclude that (7) and (8) represent a good approximation of
probabilitiesPN andPL .
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Fig. 4. SINR outage probabilityPT as a function of the threshold" , for
No = 2 , # = { 30" , 90" } andGTX = { 10 dB, 20 dB} .

Consider Fig. 3, is compares simulations and the proposed
theoretical expression ofPT (" ) as a function of the SINR
threshold " , for No = 1 , several antenna beamwidth#
and transmission antenna gainsGTX . In our performance
investigation, we note that the reception antenna gainGRX

is Þxed and equal to10 dB.
Fig. 3a providse that performance comparison, for an equiv-

alent x-ISD value of 100 m. We observe that the deviation
between the proposed theoretical model, as in Theorem 3.2,
and the simulated value ofPT (" ) is negligible when" !
[" 5 dBm, 15 dBm] or " ! [" 5 dBm, 9 dBm], for GTX =
10 dB or GTX = 20 dB, respectively. On the other hand, that
deviation gradually increases as" becomes larger. However,
in any case, the gap between simulation and theory is never
greater than7.3á10! 2. Overall, we observe the following facts:

¥ To change the beamwidth from30" to 90" alter the SINR
outage probability of just10! 2 when" = 11 dB and" =
9 dB, for GTX = 10 dB or GTX = 20 dB, respectively.

¥ Only for values of" signiÞcantly greater than11 dB, a
change in the value of# determines a slightly greater
alteration of the value ofPT ; however, that alternation it
never exceeds7 á10! 2.

¥ Overall, we observe if the beamwidth increases,PT

increases, as well. Intuitively, that is because the typical
user is likely to receive a large interference contribution
via the main antenna lobe, for larger values of# .

¥ Interestingly, increasing the value of the maximum an-
tenna gain (from10 dB to 20 dB) determines a reduction
of the SINR outage probability that, for large values of
" , can be greater than0.22. That clearly suggests that

Narrowing down 
the angle does not 
have a huge impact
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Fig. 3. SINR outage probabilityPT as a function of the threshold" , for
No = 1 , # = { 30" , 90" } andGTX = { 10 dB, 20 dB} .

expression. We also observe that the equivalentx-ISD spans
between5 km (! BS = 2 á10! 4) and 50 m (! BS = 2 á10! 2).
In particular, as typically happens, we observe thatPL is
signiÞcantly grater thanPN but it is indeed not negligible.
In fact, if No = 1 then, for! BS = 4 á10! 3 (! BS = 10! 2), PL

is equal to0.95 (0.94). On the other hand, whenNo increases
to 2, the value ofPL drops to0.89and0.88, for ! BS = 4 á10! 3

and! BS = 10! 2, respectively.
Fig. 2 also compares our approximated theoretical expres-

sion of PL , as in (8), with the simulated one. We note
that (8) underestimatesPL , and, hence, (7) overestimatePN .
However, we observe that: (i) for! BS ! [2 á10! 4, 10! 2],
the underestimation error is negligible (it is smaller than
6.5 á10! 3), and (ii) for ultra-dense scenarios (! BS > 10! 2),
it never exceed1.3 á10! 2. We remark that the deviation
between simulations and theory is mainly generated by the
approximation we made, as in (1).

From Fig. 2, we must also conclude thatPL may have a non-
trivial minimum. In our scenarios, that is particularly evident
when No = 2 . Intuitively, that is because the probability of
being served by a NLOS BS increases as we move from ultra-
sparse to ultra-dense scenarios, i.e., it becomes more likely for
a NLOS BS to be closer toO that a LOS BS. However, that
reasoning holds up to a certain value of density. In fact, at
same point, the BS density becomes so high that it gets more
and more unlikely not to have a LOS BS that is close enough
to serve the typical user. That very behaviour is also captured
by the proposed theoretical model. For these reasons, we can
conclude that (7) and (8) represent a good approximation of
probabilitiesPN andPL .
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Fig. 4. SINR outage probabilityPT as a function of the threshold" , for
No = 2 , # = { 30" , 90" } andGTX = { 10 dB, 20 dB} .

Consider Fig. 3, is compares simulations and the proposed
theoretical expression ofPT (" ) as a function of the SINR
threshold " , for No = 1 , several antenna beamwidth#
and transmission antenna gainsGTX . In our performance
investigation, we note that the reception antenna gainGRX

is Þxed and equal to10 dB.
Fig. 3a providse that performance comparison, for an equiv-

alent x-ISD value of 100 m. We observe that the deviation
between the proposed theoretical model, as in Theorem 3.2,
and the simulated value ofPT (" ) is negligible when" !
[" 5 dBm, 15 dBm] or " ! [" 5 dBm, 9 dBm], for GTX =
10 dB or GTX = 20 dB, respectively. On the other hand, that
deviation gradually increases as" becomes larger. However,
in any case, the gap between simulation and theory is never
greater than7.3á10! 2. Overall, we observe the following facts:

¥ To change the beamwidth from30" to 90" alter the SINR
outage probability of just10! 2 when" = 11 dB and" =
9 dB, for GTX = 10 dB or GTX = 20 dB, respectively.

¥ Only for values of" signiÞcantly greater than11 dB, a
change in the value of# determines a slightly greater
alteration of the value ofPT ; however, that alternation it
never exceeds7 á10! 2.

¥ Overall, we observe if the beamwidth increases,PT

increases, as well. Intuitively, that is because the typical
user is likely to receive a large interference contribution
via the main antenna lobe, for larger values of# .

¥ Interestingly, increasing the value of the maximum an-
tenna gain (from10 dB to 20 dB) determines a reduction
of the SINR outage probability that, for large values of
" , can be greater than0.22. That clearly suggests that
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Fig. 3. SINR outage probabilityPT as a function of the threshold" , for
No = 1 , # = { 30" , 90" } andGTX = { 10 dB, 20 dB} .

expression. We also observe that the equivalentx-ISD spans
between5 km (! BS = 2 á10! 4) and 50 m (! BS = 2 á10! 2).
In particular, as typically happens, we observe thatPL is
signiÞcantly grater thanPN but it is indeed not negligible.
In fact, if No = 1 then, for! BS = 4 á10! 3 (! BS = 10! 2), PL

is equal to0.95 (0.94). On the other hand, whenNo increases
to 2, the value ofPL drops to0.89and0.88, for ! BS = 4 á10! 3

and! BS = 10! 2, respectively.
Fig. 2 also compares our approximated theoretical expres-

sion of PL , as in (8), with the simulated one. We note
that (8) underestimatesPL , and, hence, (7) overestimatePN .
However, we observe that: (i) for! BS ! [2 á10! 4, 10! 2],
the underestimation error is negligible (it is smaller than
6.5 á10! 3), and (ii) for ultra-dense scenarios (! BS > 10! 2),
it never exceed1.3 á10! 2. We remark that the deviation
between simulations and theory is mainly generated by the
approximation we made, as in (1).

From Fig. 2, we must also conclude thatPL may have a non-
trivial minimum. In our scenarios, that is particularly evident
when No = 2 . Intuitively, that is because the probability of
being served by a NLOS BS increases as we move from ultra-
sparse to ultra-dense scenarios, i.e., it becomes more likely for
a NLOS BS to be closer toO that a LOS BS. However, that
reasoning holds up to a certain value of density. In fact, at
same point, the BS density becomes so high that it gets more
and more unlikely not to have a LOS BS that is close enough
to serve the typical user. That very behaviour is also captured
by the proposed theoretical model. For these reasons, we can
conclude that (7) and (8) represent a good approximation of
probabilitiesPN andPL .
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Fig. 4. SINR outage probabilityPT as a function of the threshold" , for
No = 2 , # = { 30" , 90" } andGTX = { 10 dB, 20 dB} .

Consider Fig. 3, is compares simulations and the proposed
theoretical expression ofPT (" ) as a function of the SINR
threshold " , for No = 1 , several antenna beamwidth#
and transmission antenna gainsGTX . In our performance
investigation, we note that the reception antenna gainGRX

is Þxed and equal to10 dB.
Fig. 3a providse that performance comparison, for an equiv-

alent x-ISD value of 100 m. We observe that the deviation
between the proposed theoretical model, as in Theorem 3.2,
and the simulated value ofPT (" ) is negligible when" !
[" 5 dBm, 15 dBm] or " ! [" 5 dBm, 9 dBm], for GTX =
10 dB or GTX = 20 dB, respectively. On the other hand, that
deviation gradually increases as" becomes larger. However,
in any case, the gap between simulation and theory is never
greater than7.3á10! 2. Overall, we observe the following facts:

¥ To change the beamwidth from30" to 90" alter the SINR
outage probability of just10! 2 when" = 11 dB and" =
9 dB, for GTX = 10 dB or GTX = 20 dB, respectively.

¥ Only for values of" signiÞcantly greater than11 dB, a
change in the value of# determines a slightly greater
alteration of the value ofPT ; however, that alternation it
never exceeds7 á10! 2.

¥ Overall, we observe if the beamwidth increases,PT

increases, as well. Intuitively, that is because the typical
user is likely to receive a large interference contribution
via the main antenna lobe, for larger values of# .

¥ Interestingly, increasing the value of the maximum an-
tenna gain (from10 dB to 20 dB) determines a reduction
of the SINR outage probability that, for large values of
" , can be greater than0.22. That clearly suggests that
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Fig. 3. SINR outage probabilityPT as a function of the threshold" , for
No = 1 , # = { 30" , 90" } andGTX = { 10 dB, 20 dB} .

expression. We also observe that the equivalentx-ISD spans
between5 km (! BS = 2 á10! 4) and 50 m (! BS = 2 á10! 2).
In particular, as typically happens, we observe thatPL is
signiÞcantly grater thanPN but it is indeed not negligible.
In fact, if No = 1 then, for! BS = 4 á10! 3 (! BS = 10! 2), PL

is equal to0.95 (0.94). On the other hand, whenNo increases
to 2, the value ofPL drops to0.89and0.88, for ! BS = 4 á10! 3

and! BS = 10! 2, respectively.
Fig. 2 also compares our approximated theoretical expres-

sion of PL , as in (8), with the simulated one. We note
that (8) underestimatesPL , and, hence, (7) overestimatePN .
However, we observe that: (i) for! BS ! [2 á10! 4, 10! 2],
the underestimation error is negligible (it is smaller than
6.5 á10! 3), and (ii) for ultra-dense scenarios (! BS > 10! 2),
it never exceed1.3 á10! 2. We remark that the deviation
between simulations and theory is mainly generated by the
approximation we made, as in (1).

From Fig. 2, we must also conclude thatPL may have a non-
trivial minimum. In our scenarios, that is particularly evident
when No = 2 . Intuitively, that is because the probability of
being served by a NLOS BS increases as we move from ultra-
sparse to ultra-dense scenarios, i.e., it becomes more likely for
a NLOS BS to be closer toO that a LOS BS. However, that
reasoning holds up to a certain value of density. In fact, at
same point, the BS density becomes so high that it gets more
and more unlikely not to have a LOS BS that is close enough
to serve the typical user. That very behaviour is also captured
by the proposed theoretical model. For these reasons, we can
conclude that (7) and (8) represent a good approximation of
probabilitiesPN andPL .
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Fig. 4. SINR outage probabilityPT as a function of the threshold" , for
No = 2 , # = { 30" , 90" } andGTX = { 10 dB, 20 dB} .

Consider Fig. 3, is compares simulations and the proposed
theoretical expression ofPT (" ) as a function of the SINR
threshold " , for No = 1 , several antenna beamwidth#
and transmission antenna gainsGTX . In our performance
investigation, we note that the reception antenna gainGRX

is Þxed and equal to10 dB.
Fig. 3a providse that performance comparison, for an equiv-

alent x-ISD value of 100 m. We observe that the deviation
between the proposed theoretical model, as in Theorem 3.2,
and the simulated value ofPT (" ) is negligible when" !
[" 5 dBm, 15 dBm] or " ! [" 5 dBm, 9 dBm], for GTX =
10 dB or GTX = 20 dB, respectively. On the other hand, that
deviation gradually increases as" becomes larger. However,
in any case, the gap between simulation and theory is never
greater than7.3á10! 2. Overall, we observe the following facts:

¥ To change the beamwidth from30" to 90" alter the SINR
outage probability of just10! 2 when" = 11 dB and" =
9 dB, for GTX = 10 dB or GTX = 20 dB, respectively.

¥ Only for values of" signiÞcantly greater than11 dB, a
change in the value of# determines a slightly greater
alteration of the value ofPT ; however, that alternation it
never exceeds7 á10! 2.

¥ Overall, we observe if the beamwidth increases,PT

increases, as well. Intuitively, that is because the typical
user is likely to receive a large interference contribution
via the main antenna lobe, for larger values of# .

¥ Interestingly, increasing the value of the maximum an-
tenna gain (from10 dB to 20 dB) determines a reduction
of the SINR outage probability that, for large values of
" , can be greater than0.22. That clearly suggests that
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Fig. 5. SINR outage probabilityPT as a function of the BS density! BS ,
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the increment on the interfering power is always smaller
than or equal to the correspondent increment on the signal
power. That is mainly because of the directivity of the the
considered antenna model.

Fig. 3b refers to the same scenarios as in Fig. 3a unless for
the x-ISD that is equal to250 m. At large, we observe that
the comments to Fig. 3a still hold but with some caveats. In
particular, we observe that the deviation between simulations
and the proposed theoretical model is negligible (it never
exceed2.7 á10! 2). Furthermore, the impact of the value of
! on PT effectively becomes negligible. Intuitively, that can
be explained by noting that the number of interfering BSs that
are going to be received by the typical user with the maximum
antenna gain decreases as" BS decreases. However, the more
the network becomes sparse, the more likely becomes (up a
certain extent) that the aforementioned number of interfering
BSs stays the same even for larger beamwidths.

Fig. 4 refers to the same scenarios as in Fig. 3 but this
time we consider two obstacle lanes on each side of the road
(No = 2 ). In addition to what we already discussed for Fig. 3,
we note what follows:

¥ For the smallest value of the antenna transmission gain
(GTX = 10 dB), both the simulated and the proposed the-
oretical model produces values ofPT that are negligibly
greater that those whenNo = 1 .

¥ Interestingly, forx-ISD = 100 m andGTX = 20 dB, the
SINR outage is slightly greater that the correspondent
case as in Fig. 3a. In particular, for# ! 25 dBm, we
account an absolute increment in the simulated values of
PT of more than4 á10! 2.

¥ As soon as we refer to a sparser network scenario,x-ISD
= 250 m, the conclusions we drown for Fig. 3b also apply
for Fig. 4b. Hence, the impact of! on PT progressively
vanishes.

By considering Fig. 3 and Fig. 4, we already observed that
the proposed theoretical model, as in Theorem 3.2, nicely
follows the trend of the correspondent simulated values, and
it is characterised by and error that is negligible for most
the considered values of#. Those facts are further conÞrmed
by Fig. 5, which shows the value ofPT as as a function
of " BS , for # = 15 dBm or 25 dBm, and ! = 30" . In
particular, as also shown in Fig. 3 and Fig. 4, as# increases
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Fig. 6. Rate coverage probabilityRC as a function of the threshold$, for
# = 30 ! , GTX = { 10 dB, 20 dB} and ! BS = 4 á10" 3 .

the deviation between simulations and the theoretical model
increases. However, Fig. 5 shows that the aforementioned
deviation is always smaller than7.5 á10! 2.

Most importantly, Fig. 5 further reinforce what is already
by Fig. 3 and Fig. 4:

¥ As expected,PT increases asNo increases. However,
whenNo passes from1 to 2, PT increases of a quantity
that is signiÞcantly smaller than2 á10! 2, for most of
the considered values of" BS . Hence, for what concerns
the SINR outage probability, we can conclude that the
network is particularly resilient to the number of obstacle
lanes.

¥ The impact of" BS on the value ofPT is reasonably
small, if compared to what usually happens in a typical
bi-dimensional mmWave cellular networks [15].

Once more, let us consider Fig. 5, it shows thatPT has a
trivial minimum, for smaller values of#. On the other hand,
non-trivial minima are expected to appear as# increases. In
other words, for# = 15 dBm, the optimal value of" BS that
minimizes the SINR outage probability simply is2 á10! 4.
Practically, in that situation, we can conclude that the optimal
value of " BS is that one, which ensure to the typical user an
average signal power greater than its own receiving sensitivity
threshold. On the other hand, for signiÞcantly high values of
#, the optimal value of" BS differs from the trivial one but
they are still signiÞcantly small. For instance, forNo = 2 , the
(simulation-based) optimal value of" BS is equal to12á10! 4.

Fig. 6 shows the rate coverage probability as a functions
of the rate threshold$, for ! = 30" and " BS = 4 á10! 3.
From (18), we remark that the expression ofRC is closely
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the increment on the interfering power is always smaller
than or equal to the correspondent increment on the signal
power. That is mainly because of the directivity of the the
considered antenna model.

Fig. 3b refers to the same scenarios as in Fig. 3a unless for
the x-ISD that is equal to250 m. At large, we observe that
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particular, we observe that the deviation between simulations
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exceed2.7 á10! 2). Furthermore, the impact of the value of
! on PT effectively becomes negligible. Intuitively, that can
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antenna gain decreases as" BS decreases. However, the more
the network becomes sparse, the more likely becomes (up a
certain extent) that the aforementioned number of interfering
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Fig. 4 refers to the same scenarios as in Fig. 3 but this
time we consider two obstacle lanes on each side of the road
(No = 2 ). In addition to what we already discussed for Fig. 3,
we note what follows:

¥ For the smallest value of the antenna transmission gain
(GTX = 10 dB), both the simulated and the proposed the-
oretical model produces values ofPT that are negligibly
greater that those whenNo = 1 .

¥ Interestingly, forx-ISD = 100 m andGTX = 20 dB, the
SINR outage is slightly greater that the correspondent
case as in Fig. 3a. In particular, for# ! 25 dBm, we
account an absolute increment in the simulated values of
PT of more than4 á10! 2.

¥ As soon as we refer to a sparser network scenario,x-ISD
= 250 m, the conclusions we drown for Fig. 3b also apply
for Fig. 4b. Hence, the impact of! on PT progressively
vanishes.

By considering Fig. 3 and Fig. 4, we already observed that
the proposed theoretical model, as in Theorem 3.2, nicely
follows the trend of the correspondent simulated values, and
it is characterised by and error that is negligible for most
the considered values of#. Those facts are further conÞrmed
by Fig. 5, which shows the value ofPT as as a function
of " BS , for # = 15 dBm or 25 dBm, and ! = 30" . In
particular, as also shown in Fig. 3 and Fig. 4, as# increases
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the deviation between simulations and the theoretical model
increases. However, Fig. 5 shows that the aforementioned
deviation is always smaller than7.5 á10! 2.

Most importantly, Fig. 5 further reinforce what is already
by Fig. 3 and Fig. 4:

¥ As expected,PT increases asNo increases. However,
whenNo passes from1 to 2, PT increases of a quantity
that is signiÞcantly smaller than2 á10! 2, for most of
the considered values of" BS . Hence, for what concerns
the SINR outage probability, we can conclude that the
network is particularly resilient to the number of obstacle
lanes.

¥ The impact of" BS on the value ofPT is reasonably
small, if compared to what usually happens in a typical
bi-dimensional mmWave cellular networks [15].

Once more, let us consider Fig. 5, it shows thatPT has a
trivial minimum, for smaller values of#. On the other hand,
non-trivial minima are expected to appear as# increases. In
other words, for# = 15 dBm, the optimal value of" BS that
minimizes the SINR outage probability simply is2 á10! 4.
Practically, in that situation, we can conclude that the optimal
value of " BS is that one, which ensure to the typical user an
average signal power greater than its own receiving sensitivity
threshold. On the other hand, for signiÞcantly high values of
#, the optimal value of" BS differs from the trivial one but
they are still signiÞcantly small. For instance, forNo = 2 , the
(simulation-based) optimal value of" BS is equal to12á10! 4.

Fig. 6 shows the rate coverage probability as a functions
of the rate threshold$, for ! = 30" and " BS = 4 á10! 3.
From (18), we remark that the expression ofRC is closely
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W h a t  H a v e  w e  s e e n ?

¥ The probability 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 probability. 

¥ 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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