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Performance and Energy in Green Superposition
Coding Wireless Networks: An Analytical Model

Jean-Marc Kelif, Jean-Marie Gorée Azeddine Gatfi

Abstract—In this paper, we develop a powerful analytical In [13] SC is shown to be capacity achieving for a

model of wireless network with Superposition Coding (SC), continuous-time Poisson broadcast channel with diffepeat
also referred to as Non Orthogonal Multiple Access (NOMA). rameters.

This model allows to establish a closed form expression of the ) . .
minimum power a base station (BS) need to transmit, for a  Analyzing a scenario with two users, one close to a BS and

user to achieve a given SINR (signal to interference plus noise the other far from it, the paper [14] considers multicastrbbea
ratio) whatever its location in the area covered by the base forming with superposition coding. An iterative algorithis
station. It moreover allows to establish a closed form expression developed, based on an optimal power allocation, in order to

of the minimum total transmit power of a base station. These find beamforming vectors and powers for both users
closed form expressions allow to establish performance of wireless g p )

networks, by minimizing the base stations transmit powers. As  In the opposite, assuming Gaussian broadcast channels and
an application, we show that these closed form expressions allowtaking into account the receiver power constraints| [15hgh

to quantify the energetic performance, spectral efficiency, @l that multi-user transmission with SC is not always optinmal i
throughput and the coverage of a BS, in a simple and quick way. terms of spectral efficiency

In [16] SC is used in the aim to increase the system capacity
through multiuser diversity exploitation. A joint admisai

The design of future 5G wireless networks has to addressntrol and SC scheme is proposed which allows to provide a
new challenges such as a latency reduction and capagjod tradeoff between the QoS level perceived by the user in
increase. In addition, the possibility to connect billiools- the system and the utilization of the scarce radio resources
jects receiving data, related to the Internet of Things YJoT The paper([17] develops an analysis of NOMA scheme in
represents also an important issue of the 5G. the uplink of wireless powered communication networks. The

In order to meet these requirements, different solutiordjective is to maximize the sum rate by jointly designing
are envisioned by telecommunication operators allowing the time allocation, the downlink energy beamforming and
increase networks capacity. Among them, the Superpositigsteiver beamforming. It moreover develops an algorithm in
Coding (SC) mechanism may represent an interesting ahe aim to obtain the optimal time allocation. Authors eksb
proach. Knowing that the achievable throughput of wirelesasults which outperform the fixed time allocation.
systems is bounded by a fundamental limit [I] [2] [4], one considering the downlink of a NOMA wireless network,
interest of SC, also referred to as Non Orthogonal Multiplgthors of [18] develop resource allocation algorithmsihe
Access (NOMA) [[3], is that it achieves this fundamentahigorithms are energy-efficient. In their approach, thesigas
bound, providing more capacity than classical orthogonghly two users to the same subchannel. Their analysis allows
multiple access 4] [5]. . to maximize the system energy efficiency.

SC is also promising in the case of I0T, since data needygne of these papers proposes closed form formulas of the

to be transmitted, simultaneously, towards a great numbergxs ansmit power towards a user and total BS transmit power.
communicating objects. Several network access techredogi

have. recer_1t|y been proposed for lO.T’ as analyzedlin [6].[7]’ Our Contribution We develop an analytical model allowing
and in uplink scenario_[8][]9]. An important open question

. . . ! to analyze a wireless network with superposition codin
of 10T is to determine the maximum user density that a base Y . . perpo: 9,
. L : in" which successive interference cancellation (SIC) is
station (BS) can serve, taking into account the transmitgupw. . : .
: A implemented. Our analysis takes into account the intanfare
performance and coverage constraints. Considering aaspati

. . gfluced by all the base stations of the network. We establish
density of users, a new approach has been proposed inl [4] ‘a tlosed form formula of the minimum power a BS needs

called spatial continuum model. Based on SC, this approatch

o 0 transmit, for a user to reach a SINR target, whatever its
allowed to analyze the fundamental limits of a dense cell. S ;
location in the area covered by the base station. Moreover,

1 L . .we establish a closed form formula of the minimum BS
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I. INTRODUCTION



The organization of the paper follows. In Sectioh I, thé¢iii) the interference power due to the total transmit power
system model is presented. In Sectlod Ill, we establish tbé the other BSs; # b of the network which use the same
closed form formulas of the BS transmit power towards a usiequency banwidth a&: In.,, = > P;g,. WhereP; is the

i i i i g#b
stzgtti%\%tsrlgcgggg’a?]n:ntzle;gzgft:ﬁ:gesi?ggg dt:%?;muléotal transmit power of BSj towards their own users and
brop Y ;. 1S the propagation gain between BSand the mobileu

Section[¥ presents an application of these closed form f > :
mulas focused on the analysis of coverage and performan g nnected ta), (iv) and thermal noise powev;,. Therefore,

in terms of energy and throughput. Sectiod VI concludes e can consider the SINR target(u) defined by:
paper. Pugu

Pvgu+INw +Nth.

v (u) = 5 1)

Il. SYSTEM MODEL veN,v#u

We consider a wireless network made of base stations Users are connected to their best server B&,the BS
uniformly distributed. All base stations transmit over 8g8ne which provides the best useful signal. Therefore, the shado
frequency bandwidth. We focus our analysis on the downlining can be neglected as shown inl[11]][12]. Let remind that,
on the area covered by a B§ using a superposition codingin this case, the best server BS is the nearest BS.
mechanism. Moreover the successive interference catioalla Therefore, considering;, = Kr, " [10], the SINR is
(SIC) is implemented. Let remind that superposition coding expressed as:
also referred to as Non Orthogonal Multiple Access (NOMA)

[3], Let us consider: %) — Py K" 5
. . 7" (u) NS A )
o« M={1,..., M} the set of base stations, uniformly and Egj# vBTu "+ INw + Nien
regularly distributed over the two-dimensional plane. _ Ve .
e U ={1,...,U} the set of users uniformly distributedWherer is the pathloss parameter and K is a constant.
over the network. B. Successive Interference Cancellation
e« N ={l1,...,N} the set of users connected to a BS,

uniformly and regularly distributed. Since the BS transmits useful powers simulta}neously to all

~* (also denotedy) the SINR target to be reached inthe users, and on the same frequency, a useceives a high

downlink by any receiver (user). level of interference due to the powers transm_|tted towards

. r, the distance between the transmit Band the user all the other users of the cell. The SIC mechanism allows to
u, connected ta. mitigate this interference. Let rewrite the expressiboh lfg)

. N, the set of users connecteditolocated at a distance CONSidering the set of usefs as the union of the seV, of
lower or equal to the distance,. userswv, such thatr, < r, and the setV, of usersv, such

. N, the set of users connectedttolocated at a distance tNat7v > 7u!

greater tham,,.
« P, the transmitted power assigned by the base stabtior]y*(u) _ P,Kr,"

towards uset. S PKr,"+ Y P,Kry"+1Inw+ Ny
e g, the propagation gain between the serving B&nd vEN ,vFu vEN 4 v#u

useru. (€)

Let consider that a SINR target, denoted, has to be Ecé:a(;htf) t‘i;irslr‘nittoatrzac?vei glc\)/\iggta[r)%zt tc?lmlz 'al[thlfss
reached at each user, in the aim to reach a given through it . 9 POWE. pathic
We aim to establish a mathematical expression of a tween a transmitter and a receiver, users located _andwa
transmit power, in the aim to reach this SINR target. Sind¢ >tg"réf£|[|n tr?:sba)n?:esdll\? tra_rljrs]reni pcivgi{ Z ']r?felr?etrr;ice
users and base stations are uniformly distributed over (A" i ) iR u Ve | :
network, we can focus the analysis on any given BS. cancellation mechanism allows the userto decode, using

an iterative process, the powers it receives dedicateddrsus
A. Expression of the SNR with Superposition Coding located at distances further than him (from the BS b). Let

In our analysis, by considering SC, we assume that a é1§tlcepu the power dedicated to userand received by the

u= -n 1 U 1
transmits useful power to all the users of the cell it coverg>erv (py= P K, ™). Let noticep;, the power dedicated to

simultaneously, on the same frequency bandwidth. uéﬁ;) caonr?sir(;e:re 21/ iietz)nynteh:d:lnswa(]ijzs:efﬁrfi)%n)- in the aim
Considering a given BS denotédwe can express the total ; : 9 P @u“
. to reach the SINRy*. Using the SIC mechanism, the user
amount of power received by any user (Ui&)connected to . . . . . .
the BSb, as the sum of: () a useful signdt,g., (i) the is able to decode any (interfering) power it receives higher

interference power due to the transmit powers of the 1582225 gs gzgifaigg:?(l)a;m Ilﬂir?r?(lji;g (i?:ggoe ieppoxeer It
towards the other users of the cell: >~  P,g,, whereP, ! U=t ur

veNvtu power p!, has a higher value thap. Therefore,p?, can be
and P, are the transmit powers towards the mohileandv decoded by the usar. And thus, it does no more represent
and g, is the pathloss between the BSand the mobileu, an interference fou. This is available for any userfor which



model, it becomes possible to exprdss (7) as follows. Assgimi
the cell covered by the BS as a disk of radilg we consider

a user located at a distanedrom it (dropping the index:).

The discrete sum on usetsof () can be expressed as an
integral over the cell. A unique SINR target is considered

for all the users of the cell. This corresponds to a service
which demands a given throughput for all users. For sake of

simplicity, let denotey = v* and¢ = 2+, We can write[[V)
Figure 1. Cell of radiusRk.. SIC: user UE 2, located at r, is able to decodeas. v
the power dedicated to any user UE 3, located at a distanaegrthan r ’

(white area). The power dedicated to any user UE 1, locateal distance 2 pr
lower than r (grey area), cannot be decoded by user UE 2. / / p(s)P(s)sdsdd = (P(r)
0 JRo
27 pys (2R — )2y
ry, > ry. AS @ consequence, considering all the users of the - n—2 B
cell, , the term 72 P,Kr; " disappears from expression Ny, o ®)
VEN ,,vFu 7
(3), since it does no more represent an interference (see fig. _ _ K
). We thus can writd {3) as: where P(r) is the power transmitted towards the user located
at distance, s is the variable of integratiom(s) is the density
“(u) = KPyr, " 4) of users on the area covered by the BS, depending on s and
7 SN KPyry" +Inw+ N sdsdf) is the element of integration, anf, the minimum
VEN,,vFu distance between a user and the base station.
which can be written: Let remind that in expressiofil(8) the parame®gy, which
p represents the total transmit power of a BS, is a constamteSi
v (u) = S PP, BN,y (5) the users are uniformly distributed over thg area of the cell
a2, K u p(s) = p does not depend os (8) can be written as:
From this expression, the total power transmitted to users,. , " P(s)sds = CP(r)— 27 pps (2R —1r)* " Py
located at a distance lower or equahktpcan be expressed as: Ro n—2
N,
_Ilthom Q)
S op LWy Ivw N, *
Y oyrw) Y K Y K™ Let denote
V7, STy (2R )2777
Pbs - — T
Sincelnw = Y. Pigju = . KP;r;.!, we can write a(r) = 2r———"——— 5 ', (10)
iZb iZb ’ K
V() +1 v Nun b(r) = Sy, an
> P = T > Pl = == (@) K
0,7y <7y T J#b and
From this expression, we can express the transmit power F(r) = a(r)Pp + b(r). (12)
towards a user and the total transmit power of a BS. We thus can write[{9) as:
I1l. WIRELESSNETWORK ANALYTICAL MODEL r
. o L 2mp | P(s)sds = (P(r) — F(r). (13)
The analytical model proposed in this paper consists in Ro

considering the interfering base stations of the network as,q, expression[{13), two important expressions can be de-
continuum of base stations, characterized by a density s b‘?ived' ’

stationpy,s. This approach was validated by comparison with i) the transmit power towards a user located at distance
a simulated hexagonal network [19] [20] [21]. Considering a ii) the total BS transmit power.
uniform distribution of users over the network, we can Writquhe two following theorems can be written:
P; = Pg = constant. Therefore, the interference due to all the
base stations of the networR_ K Pgr;,/ can be expressedA. Theorem 1: Transmit Power Towards A User
as [ PpppsKs "sdsd, Whejl%ibdsde represents the element Considering a density of useys a”?' assuming a unique
of integration. The approach developed(in|[£9] [20] [21bal$ SINR targety over the cell, the transmit power towards a user
to express this integral oy oo PEK QR =7 )T o located at a distance from the BS, denoted’(r), can be

. . . n=2 ' ¢ ressed as (denote= —L- pn):
represents the intersite distance (ISD) between two BS. WP y+1P
refer the reader to_[19] [20] [21] for the detailed explaoati ~y 2 [T

ar / 7&82
and validation through Monte Carlo simulations. Using this P(r) = v 1€ n Fi(s)e™* ds, (14)
0




where F'(r) is the derivative of F(r) with respect to r: v) the thermal noiseVy,.
i) the density of users and the SINR target value.
F'(r) =d(r)Pg +V/ 15 V) the de )

() =a'(r) fg + Sr) (15) Considering the network impact, two more parameters play
and o’ (r) = 4r2eeen=r)CRr) "7 g the derivative of @ role: the intersite distance and the density of BS.
a(r) with respect to r, anéf (r) = n%r"‘l is the derivative
of b(r) with respect to r. B. Network Impact
The proof is detailed in Appendix 1.

It can be noticed that the network impact is expressed as

B. Theorem 2: Total BS Transmit Power the denominator of (16). Since a power is a positive quantity

Considering a density of useys and assuming a uniquethe denominator of (16) needs to be strictly positive:

SINR targety over the cell, the total power transmitted by the , . ,
BS, simultaneously towards all the users of the cell, dehote 1—e*He / a'(s)e™** ds + a(R.) > 0. (20)
Py, can be expressed as: Ro

If the denominator is close to 0, the power tends to infinity.

RC
co Rz / Y (s)e ™" ds — b(R,) From [10), sincep,s = # we can expres$ (20) as:
Py = Ro_ ., (16) -
1— R / a'(s)e™ " ds + a(R.) *65/ m—w)2—w' " e P du <1 (21)
Ro m  JRo/R.

The proof is detailed in Appendix 2. This expression shows constraints on the density of usats an

the SINR target. Moreover, they are strongly correlatedcgsi

Remark B = aR? = 5pnR?). The SINR target is limited for a
Let notice that if the interference due to the other ba _'V_e” dens_ity of users. Therefore f[he achievable_ througispu
stations of the network is neglected, the terfn) is neglected. imited. This means that the behavior observed (fig.2 andfig.

The total BS transmit power can thus be expressed as: dotFed curves) is directly induced by the netwprk Impac teov
a given SINR target value, the needed transmit power ineseas

wr [, e indefinitely. For example, fig. 2 (left side, dotted curvepwsis
Pp=e / b'(s)e ds — b(Re). (A7) that for a density of 8 users per cell, and a cell radius of
fto 50m, the BS transmit power varies from -15 to 29 dBm for a
Sincet/(s) = nfgs"~ (from (1)), we can write total cell throughput varying from 1 Mbits/s to a maximum of

N . Re , N 30 Mbits/s. Let remind that this value corresponds to a given
Py = n—LeoRe s temos’ gg — =t g 18) value of SINR. And then, the transmit power value increases
K K ¢ p
o indefinitely, without increasing the throughput.
By consideringRy << R. and thus% =~ 0, and denoting

B = aR?, we can expres$ (18) as: C. Isolated Cell
B Ny, 5 N+ 2 n+ 2 Considering a theoretic case where the impact of the net-
Pp = QBTR?e (F( 2 8) = I 2 ) work could be neglected, the SINR target and the density of

(19) users could reach high level values. Express[od (18) shows

that the density of users and the SINR target are not limited.

The examples of fig. 2 and 3 show that the curves without

network impact (plain curves) have behaviors completely

IV. BASE STATION TRANSMIT POWER ANALYSIS different than the ones with the impact of network (dotted

curves). Without network impact, the reachable SINR target

is not limited. It can reach very high values. Therefore, the

The expressiond {14) and_{16) highlight the impact of thgta| throughput can reach, in theory, very high values, by
parameters of the whole network using limited transmit powers. Therefore, the network iotpa
« on the transmit power towards a user located at a distarigesignificant. Let notice that the isolated cell represests

whereT'(z) = [~ t*~'e~'dt and
I(u,z) = [ t“"te~*dt is the incompletd” function.

A. Transmit Power Expressions Interest

r (I4), theoretic case, which does not exist (or whose probabfity i
« on the total transmit power of the BE_{16). very low) in a real network.

The minimum transmitted power needed to reach a givenThese powerful expressions make it possible to develop
SINR targety* depends on network analyzes of great interest in a simple and quick ana-
i) the user locationr (transmit power towards a usér {14)))ytical way. Hereafter, we propose an example of applicatio
ii) the size of the cellR. (total transmit power (16)), focused on performance and energy. Other applications may
iii) the propagation (pathloss facton) be developed such as, for example, dimensioning or outage

iv) the antenna characteristics and frequency (parani€ter probability analysis.



Table |

50 50 VALUE PARAMETERS
40 40 2
_ p =8 usersicell | p=15usersicel Cell radiusR. 50m - 500m
E 30t User distribution Uniform
5 | Densities of users/cell arga 8-15
H o Frequency bandwidth W 10 MHz
E o} Propagation parameters | K = 2.68 x 10-% ; n = 3.57
g Noise density poweN,;, —166 dBm/Hz
[}
o

'
'
or,
I

-10

» and R, = 500m (Fig.[B). The BS transmit power needed to
® Cell Throughput (Mbitsls] —— ° Cell Taroughut (Mbtes] reach the maximum throughput of 25 Mbits/s increases with
R.. It reaches about 10 dBm fdk. = 50m, and 46 dBm for
Figure 2. Base station Transmit Power vs Total throughputhef ¢ell. e = 500m. The.refore, th'e eXpre53|(16) a|50_ allows to show
Comparison for a density of 8 users per cell area (left) andsEssuper cell that the transmit power is an increasing function of theltota
area (right), and for a radius of the zone coveredRefE 50m, considering throughput. Moreover, it increases wiff., too
the impact of the network (dotted curve) and neglecting theachf the 2) With ) K . " th |, h ) h f th
network (plain curve). ) Without neror -|mpact : .t e ftolta throughput o .t e
cell can theoretically increase indefinitely (Fig. 2 and Bimp
curves). In the aim to quantify the network impact, we coesid
7 70 ‘ the same transmitting values as before, 10 dBm and 46 dBm.
o | For R.= 50m (Fig[2), and a BS transmit power of 10 dBm, a

p =8 users/cell ' p=15 users/cell
60 !

! total throughput of 100 Mbits/s is reached for a density of 8

@
=}

I
I
I
I 55 !
I

| users per cell area (resp. 80 Mbits/s for 15 users per cel).are

a
=]

! 50

g
é s For R.= 500m (Fig[B), and a BS transmit power of 46 dBm,
gw wf a total throughput of 100 Mbits/s is reached for a density of
P % 8 users per cell area (resp. 80 Mbits/s for 15 users per cell
* o1 7 area). Therefore, due to network impact, a decrease of up to
" - 75% of the total throughput is observed in Figures 2 and 3.
° Cell Throughput (Mbitss] —° ell Throught [Mbitsls] This confirms the significant impact of the network.

VI. CONCLUSION
Figure 3. Base station Transmit Power vs Total throughputhef tell. . . .
Comparison for a density of 8 users per cell area (left) andsEssuper cell We establish closed form expressions of the minimum total

area (right), and for a radius of the zone covered?ef 500m, considering transmit power of a BS and of the transmit power needed

the impact qf the network (dotted curve) and neglecting theachpf the tg achieve a given SINR, whatever the user location, in a

network (plain curve). wireless network, by considering the Superposition Coding

and SIC mechanism. These expressions allow to highlight

the impact of the parameters of the system such as the cell

radius, the propagation parameters, and the intersitaraist

i i , In particular they allow taking into account the impact of
In this section, the energetic performance, throughpul, aghe \hole network. These expressions are powerful since

coverage o_f a BS, are analy_zed and quantified in an z_an_alyti y make it possible to carry out analyzes in a simple and

way (can|der|ng values given by TaHle I). The MINIMUNg, ick way. As an application, we quantified with accuracy

transmit power needed for a BS to cover an area of radiys, oergetic performance, throughput and coverage ofe bas

R s given by expressmrm6). In other wordg the COvera@fation. In a future work, the impact of a dynamic traffic

can directly be calculated with accuracy by using] (16), for & anario will be analyzed.

given transmit power. And moreover, this allows to minimize

the energy needed to cover a given area. This expression also APPENDIX1

gives the reachable level of SINR in the cell, and consedyent First, the method to determine the transmitting power con-

the maximum throughput. Let remind that, for a given SINRists in derivating expression {13) with respect to r. listban

~, the spectral efficiency SE is given by SHos,(1++) and be written:

the throughput D is given by D # log,(1 + ), where W is

the frequency bandwidth. 2mpP(r)r = (P'(r) — F'(r), (22)
Fig.[2 and_B compare the reachable performances, in terms

of energy and total throughput per cell, by considering dr no ere P’ (resp. [) means the derivative of (resp. I)
nergy . ghput p s 9 A NGyith respect tor. This differential equation with non-constant
the interference induced by the network.

L . . coefficients allows to express the transmit power towards a
1) Considering the network impact : the maximum total P b

throughput of the cell reaches 25 Mbits/s (Fiy. 2 Bhd 3, dottéJser located at a distaneefrom Itf ser:/mg BS as:
curves), for 8 and 15 users/cell area, f@¢r = 50m (Fig.[2) P(r) = C(r)es+1™ (23)

V. APPLICATION: ENERGY, PERFORMANCE AND
COVERAGE



where

s
F’(s)eiﬁpmzds
Ry

Y
Cr)= —— 24
(") =37 (24)
APPENDIX 2

The total transmit power of a BS is expressed as:

27 R,
/ / pP(s)sdsdf
0 Ry
R

: P(s)sds
Ro

In expression[(25), the third equality denot€Xl comes from
(@3), where r = R. We denotea = e Let express( P(R.)
from (23):

P =

= 27mp

@)

CP(Re) = (C(Re)e” e (26)
where (from2#), we can write (remind that= VT“):
Re 5
CC(R:) = F'(s)e™* ds 27)
Ro
From [12), we can express:
F(r) =a(r)Ps + b(r), (28)
wherea(r) = %7%5(21:6:2&—" rm andb(r) = Ny,
ThereforeF’(r) can be expressed as:
F'(r)=d'(r)Ps +b'(r) (29)
And thus, we can express:
CC(R:) = A(R:)Ps + B(R.) (30)
where
R R
A(R.) :/ a'(s)e” " ds (31)
Ro
and
Re 5
B(R.) :/ b'(s)e”** ds (32)
Ro
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