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Tradeoff between Energy-Efficiency and
Spectral-Efficiency by Cooperative Rate Splitting

Chungang Yang, Jian Yue, Min Sheng, and Jiandong Li

Abstract: The trend of an increasing demand for a high-quality user
experience, coupled with a shortage of radio resources, hagces-
sitated more advanced wireless techniques to cooperatiyehchieve
the required quality-of-experience enhancement. In thistsidy, we
investigate the critical problem of rate splitting in heterogeneous
cellular networks, where concurrent transmission, for ingance, the
coordinated multipoint transmission and reception of LTE-A sys-
tems, shows promise for improvement of network-wide capaty
and the user experience. Unlike most current studies, whicbnly
deal with spectral efficiency enhancement, we implement anpbi-
mal rate splitting strategy to improve both spectral efficiency and
energy efficiency by exploring and exploiting cooperation tersity.
First, we introduce the motivation for our proposed algorithm, and
then employ the typical cooperative bargaining game to form-
late the problem. Next, we derive the best response functiohy
analyzing the dual problem of the defined primal problem. The
existence and uniqueness of the proposed cooperative bangiag
equilibrium are proved, and more importantly, a distribute d al-
gorithm is designed to approach the optimal unique solutiorunder
mild conditions. Finally, numerical results show a performance im-
provement for our proposed distributed cooperative rate sitting
algorithm.

Index Terms. Cooperative game, concurrent transmission, green

communication, heterogeneous network, interference margge-
ment.

I. INTRODUCTION

Since its inception, the LTE standard has evolved signifigan
toward LTE-Advanced, in which numerous spectral efficien
and peak data rate improvements have been introduced and g
anteed by effective advanced techniques. Among those, i

worth mentioning the improved orthogonal frequency diuisi

multiple access (OFDMA) and multiple input multiple-outpu
(MIMO) techniques (e.g., multiuser/3D/massive/coopeeat
MIMO), where cooperative MIMO is the technology prototyp

of coordinated multiple point transmission/reception.i@yto
these techniques, the spectral efficiency of a point-toigivik
in cellular networks s approaching, its theoretical limasd
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with the forecasted explosion of data traffic, there is a ieéut
crease the node density to further improve the network égpac
in accordance with the three-dimensional cube introdut gt i

Therefore, an alternative strategy is needed, which iseémpl
mented by a promising scheme that has been widely discussed,
where low-power access nodes are overlaid within a madrocel
creating what is referred to as a heterogeneous network (Het
Net) [2]. HetNets are regarded as a promising new technique
for enhancing capacity and coverage. However, the intemfay
problem is critical because of the co-channel deployment of
multiple small cells overlying the macrocell to achieve acmu
higher spectral efficiency [3]. Also, multicell coexisterin Het-
Nets improve the chances of achieving multicell coopenatio
and a distributed antenna system, which are new communica-
tion paradigms promising significant system capacity tange
intercell interference elimination [4].

Recently, cognitive radio-sparkled interference managem
and cooperation-based design have attracted wide ateértim
the academia and industry [5]-[10]. However, most previous
studies focus on spectral efficiency enhancement and émterf
ence avoidance, and the energy efficiency aspect is largely i
nored for HetNets, as pointed out recently in [5]. It is nabethry
that rapidly rising energy costs and increasingly rigidiemw
mental standards have led to an emerging trend of addressing
the energy efficiency aspect of wireless communication-tech
nologies. It is estimated that the population of small cslisx-
pected to be around 100 million with 500 million mobile users
in 2020. The power consumption of a small cell today is approx
imately 6—-10 W, and it can be assumed that a small cell in 2020

gl still consume approximately 5 W. Therefore, the 100-mil
QN small cells in 2020 will consume approximately 4.4 TWh,
an extra 5% over and above the energy consumption of the ex-
isting base station infrastructure. Therefore, with respeboth
financial and environmental aspects, reducing energy copsu

élon has become an important way to increase the profitabilit

of operators and improve the quality of the user experience.
The energy efficiency of wireless networks has been exten-
sively studied from various perspectives, such as decquidig
icy, dynamic planning, and network cooperation [6], [7].eSp
cially, network cooperation has become an effective teqinmi
to improve energy efficiency [6], [7]. An energy-aware nettiwo
planning scheme that can guarantee both the coverage #id tra
requirements has been proposed to reduce the energy consump
tion through intercell cooperation [6]. In HetNets, smaurtltia
mode terminals can achieve multi-access gain by simultzsigo
combining transmissions over several multiple points o
network cooperation. Designing a concurrent transmissti@t-
egy that incorporates energy efficiency is a fundamentakiss
that involves various approaches including network coaipemn.
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Multi-access cooperation diversity by combining transiois Dot
via traffic control is utilized to improve the system enerdfy-e rate splitter
ciency.

Unlike most current studies, which deal only with spectral
efficiency enhancement, we implement an optimal rate split-
ting strategy to improve both spectral efficiency and enefgy
ficiency by exploring and exploiting cooperation diversithe

tradeoff between energy efficiency and spectral efficieray h 2 .E_ .{i _—

attracted wide attention; for instance, [11] mathemaljcial- (5 ‘ i Dj—"
vestigates the fundamental tradeoff between energy eftigie S5\ < /& !

and spectral efficiency in downlink OFDM access networksd; an ML ll\ \ i [ S\;“ "
[12] tells under which circumstances throughput and enefiizy NoduB (‘]’\f[‘iNB{ \ ) NodeB (cSeeNB)
ciency can be both jointly maximized and where they coristitu N e.g., FeNB and

different challenges in IEEE 802.11 WLANs. Meanwhile, rate @ . PeNB

splitting ends uses in [13] for interference mitigation inilti

cell wireless networks and in [14] for a multilayer rate &pig

scheme in heterogeneous networks for improving the celeed Fig. 1. HetNets with multicell concurrent transmission.

user experience. However, both [13] and [14] neglect theeiss

of energy efficiency maximization while investigating rapit-  ith multimode interfaces. We focus on the specific HetNets

ting schemes. scenario with the same radio access technology, i.e., OFDMA
Motivated by the popular cooperative game in the wireless|p the considered HetNets scenario with multicell conautrre

community [16] and the distributed algorithm design fonvsol yransmission in Fig. 1, we investigate the problem of a large

ing the cooperative game [17], we first introduce the motivaiwnlink traffic ratep; the cooperative rate splitter should deter-

tion and rationale underlying our idea of a cooperativespi®-  mine the optimal concurrent rate for each cooperating radio

ting design that achieves both energy efficiency and sgeftra 5ccess network, i.e., RANThen, with the optimal rate splitting

fici_ency. After illustrating t_he system _model in Se_ction fica ratio of = 2t determined, several specific RANs will cooperate

using the typical coope_ratlve barg@_nmg coopergnve gamee 4, tranzsmit the large traffic using a practical concurrehtsce.

formulate the cooperative rate splitting problem in Settid. | 4o study, we use the terms RAN and player interchangeabl

Then, we derive the best response function by analyzingube dbecause a RAN is the player in the cooperative game-theoreti
problem of the primal problem. Furthermore, the existenak 3tormulations in the next sections

unigueness of the proposed cooperative bargaining equiiib
are proved in Section IV, and more importantly, a distriduteB. Rationale of Our Idea

algorithm is designed to approach the optimal unique swiut Without loss of generality, and under the framework of the

;:]nggg,?o' Ld\;:lo dn:rﬁf:;:gtifﬁg?; V;O':l/:?egffilr:ﬁgzgz g?;f rShannon formula, the theoretical traffic rate or spectrufin ef
. P P . . P ciencyp,; achieved by RAN can be approximately represented
posed algorithm, and we conclude the paper in Section VII.

as

IIl. SYSTEM MODEL AND RATIONALE OF OUR IDEA pi=wiln <1 + Z_) (1)

In this section, we first illustrate the multicell coopeoati wherew; is the allocated bandwidth, is the downlink trans-
HetNet system, and then we clarify the motivation and raien mission power, ang; represents the potentially normalized ag-
underlying our idea of cooperative rate splitting for aeinig gregate interference power from other cooperative RANicoal
both energy efficiency and spectral efficiency. tions perceived by RAN Here, we omit the RAN coalition for-

mation process, the details of which can be found in the €oali
A. System Model tional game-theoretic work [16], and here we only assume tha

The considered multicell cooperation system is illustidte there areN RANs formulating one multicell cooperation coali-
Fig.1, where multiple types of base stations with diffetemns- tion. Therefore, mathematically, we compute the power con-
mission powers and coverage coexist with each other. Thetgned by RAN, which is
are macrocell eNodeBs (MeNBs) and various smallcell eNBs 2
(SeNBs), e.g., femtocell eNodeB (FeNB) and picocell eNodeB Pi = Hi (ewi - 1) : (2)
(PeNB_). Meanwhile, diff_e_rent eNBs can exchange context iRy measure the energy efficiency,
formation to achieve efficient cooperation. This contekina
formation includes user traffic information, channel stanfor- _
mation, and residual energy information from the X2 integfa n; = Lcst (3)
or the optical/cable backhaul. pi+ 1

We only investigate the downlink case in this study, altHougvherep; is the transmission power consumption. We denote the
the following analysis also applies to the uplink case. Véeiame  fixed power consumption of the circuit iyt following [10]
that a large data requirement arises in a smart terminappgdi and [11].

we select the metric oin(3) i
the unit of nat/s/W, which is given by
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Fig. 2. Tradeoffs between energy efficiency and spectral efficiency with respect to the carried traffic rate: (a) Energy efficiency against the traffic rate
with the fixed spectral efficiency and (b) spectral efficiency against the traffic rate with fixed energy efficiency.

The energy efficiency; of RAN; is a measure of its attainedpowery; implies a lower spectral efficiency. Therefore, a much
traffic ratep; with respect to the total consumed power p$*®  lower value should be selected for the traffic rate in ordertto
for the wireless player. Typically, a player, i.e., lRAN;, would tain a higher spectral efficiency, e.g., after the poinpof= 2,
like to achieve a high spectral efficiency while at the sammeti for instancep; = 4. In summaryp; = 4 may be a good point
expending a small amount of energy. Thus, both spectral effir achieving the optimal tradeoff between energy efficjesed
ciency and transmit power are desirable for a wireless playspectral efficiency. From above analysis, it is safe to amtel
There exists a tradeoff between obtaining both high splesftra that every RAN has an optimal traffic rate choice. Therefire,
ficiency and low energy consumption. Finding a good balanogtimal rate splitting algorithm should be designed takioth
between these two conflicting objectives is the primary foglu  the aggregate rate requirement and capabilities of the RAN i
this study. considerations.

Equation (3) has several implications, which are illugtdat
through the conceptual plot in Fig. 2. In fact, in this stud,
omit the power control scheme design, which is a conventiona |ll. COOPERATIVE RATE SPLITTING GAME

technique to achieve both energy efficiency and spectral effi In this paper, we describe an optimal rate splitting scheme

C??”%’ALhr.OUQhOUtth(;S pipe][.’ thg.trsnsnfwit popéemf any s_pe(; based on cooperative game theory, which guarantees the-perf
ciic Vi IS assume to be Ixed, therefore, the Perceved dance of both efficiency and fairness among different RANs in
gregate interference power dominates the spectral efficiency,;q cooperative coalition. There alé cooperating RANs, and
This follows from (1). In other wordsy; reflects the Spectrum o .ncerned RANS are interchangeably called playersisn th
efﬁuengy at the determined transmit powemwell. It is noted paper. Other tuples constituting the most popular gamertie
that a higher interference powgr means a lower spectral €f-p, o) 4re the action set and the utility function.

ficiency, and a high spectral eff|C|elncy. implies a_lov_ver MM 115 now known that the optimal Nash cooperative bargain-
ference power. In practical communication scenario, itewn ing solution (NBS)-based control will achieve an optimatte-

mg\fvléi/:e/?r{gSr:;;g:;tt?ﬁecgf?:;e;fitﬁéi;?f?cI?terz)er:irgﬁ :'tg‘:'o between Nash fairness and Nash axiomatic efficiency unde
’ e P the framework of Nash axiomatic theory, which has been ver-

:Lurtntﬁfﬂ;:lency;{; and ehgr?_y eg“g'ef‘%ﬂ?f ?'AI‘INi'.We assILJme ified in our previous NBS-formulated work of [16]. In sum-
artne transmit POWeR; 1S fixed during the 10lowing analysis, mary, in the optimal bargaining solution (BS)-based raté-sp

and thereforey; dominates the spectral efficiency. ting solution (p%, p3) of a two-player cooperative rate split-

First, we assume that the perceived aggregate interfereﬂﬁ . L
, . ame, the cooperative rate splitting game (CRSG) can be
power u; has a fixed value; in other words, the spectral effi- g P PIting 9 ( )

ciency is fixed. Under this condition, we illustrate the pddt achieved by solving the Nash-product problem(ef, p3) =

.. . . ) min min _ ,,min _ ,,min , Where min and
energy efficiencyy; against the carried traffic rajg, and the - m2ni™na2n8 (m — ™) (2 — ™) Uit

plot of energy efficiency against the traffic rate is depidted " irif regarded as the_d!sagreement p?'?‘ts- Genetﬁlly,
min gre set as the minimal energy efficiency requirements

Fig. 2(a). We can see that the energy efficiency first inc&aa?é‘m7 i
and then decreases as the carried traffic rate increashs.dft © gugra_lr_ltee achievement of the CRS_G' - )
ergy efficiency; alone is considered, then the rational choice of P€finition 1: TheN-player cooperative cognitive rate split-
traffic rate should be selected the poinpef= 2. When the en- ting game is formulated as CRS& {NV,S, U}, with N =
ergy efficiencyy; is assumed to be fixed, the plot of spectral effit; 2, - IV} as the player set, andf-RANs as ]p\)]layerss IS
ciencyy; againt the traffic ratg; as shown in Fig. 2(b). Atthis e Cartesian product action space defines as [] S;, where
time, a high spectral efficiency is expected to be achievet, t

=1
is, a low interference powet;, because a higher interference>: represents the available set of playgt/ is utility function,
which characterizes the player’s preference regarding tuke-
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off between energy efficiency and spectral efficiency. and L represents the Lagrangian function associated ®ih
In the general cooperative bargaining game-theoreticdranwhich is given by
work, the cooperative rate splitting game is formulatedres t

N N N
following optimization problem Pi max
L = lo —A - i | — Ri \Pi — P;

P G P P DL

N K3 K3 K3

P1: max u= H (ni — ™), (4a) al ( pi
bl = log —— + (A — K;) pi) +90 (8)
' 1221 ei(pi) (
subject to p < Zpi, (4b) N
i=1 whered = Ao+ > (k;p**), with the Lagrangian multipliers

. max ; PPN =1 .
pispp =1 N (4¢) Aandk;, i =1,---, N, introduced to relax (4b) and (4c).

wheren; andn™™ are the spectral efficiency function defined in .It IS easy to verify the problerﬁfz in (5) is a convex opti-
Lo . .. .. Mmization problem. Thus, the duality gap between this pmoble
(3) and the minimum spectral efficiency for playeto join in d its dual optimizati blem i d lge th
the game, respectivelyp represents the aggregate traffic ratfél:]im'lS ruil Or?] 'k;mzal'\?ig pirt 0 dir;] 'Sréglrgr'nan we can solee
towards theN cooperating playersy; and pi*** are the rate P Ca FI)I N i_ Thy sdo | Y Sb ¢ P bl.ém’ 5 and th
and maximum rate of playéy respectively. Objective (4a) is thed loro slrynﬁzmefsuia Sarp etween pro in (5) and the
Nash product function of the spectral efficiency functiofirted ua prq € (6) is zero. L .
in (3) and the minimum spectral efficiency of playewhich is Proof_. We should prove that t_)oth the objective fun(_:tlon and
in line with Nash bargaining game-theoretic framework. Cortlhbef a\t/i‘?/"afblr? ;e; avrve (;]ocvex. First, from the propertieshef t
straint (4b) requires that the rate splitting result allbw aggre- objective function, we have

gate traffic rate towards th& cooperating players to be fully N
offloaded to them; moreover, each player is also constrdiged = Z log pi 9)
the individual rate limit in (4c). = wile)
According to [16], the equivalent model of (4) is given by N
. = > (logpi —logi(pi))
P2:  max  a= log—2i—, (5a) . - |
P vi(pi) wheregp;(p;) is convex with respect tp; as shown in (5b), and

. Pi i logarithmic function does not change the convexity; themef
subject to  ¢i(pi) = i (ewi - 1) +pi, (5b) 102 ©i(p;) still remains the convexit;\;J property, and ¥urther, we
(4b) and (4c) (5¢) know thatlog p; is also convex. In summary, the objective func-
tion is convex. We can thus concentrate on the convexity®f th
with the minimum spectral efficiency of playérassumed to available setS of playeri. Itis easy to see that (11) is convex,
be n™" = 0. This equivalent re-formulation is widely usedwhich combines the constraints (4b) and (4c).
to transfer the Nash product-based objective function théo ) ) o
utility-summation form using the logarithmic function 16 B. Analysis of the Cooperative Rate Splitting Game
Without loss of generality, this process does not changedhe  |n the following, we first define the cooperative bargaining
vexity of the primal objective function in (4). equilibrium solution (CBES) of the formulated cooperatiage
splitting game and investigate its properties. We use tiaggstt-
forwardly achieved definition in game theory to describe the
IV. ANALYSIS equilibrium behaviors.
In this section, the dual problem of problé?2 in (5) is first Definition 2: CBES. Arate splitting profile* = {p},i € N'}
given, based on which we analyze the proposed cooperat&e ig a pure strategy CBES if and only if no player can improve its

splitting game and the solution properties. utility by deviating unilaterally, i.e.,
A. The Dual Problem a(pf, p~;) = alps, pr;), Vi € N Np; € S, pi # pf.
In this section, we solve the probleR2in (5) by solving its  The CBES for the cooperative rate splitting game can be guar-
dual problem, shown as anteed by following best response function.
Definition 3: The best response function (BRF). We define
P3: NSO o N L, (62) the BRF of playeri € N as the rate splitting profile thgt maxi-
subject to  p; € Si,i € N (6b) Mizes the utility when any rate profildp_,, —i € N, —i # i}

of other players are given. Mathematically, it is represdras
where N N
#(p—i) = arg max i(pi, p—i)-
N pi€S;
Si= {p < Z pi,pi < pi i€ N} (7) Lemma 1: Based on the definition of the BRF, it's known that
i=1 the cooperative bargaining equilibrium solution of player A/
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is « Positivity: 7(p_;) > 0.
pr="w(p—i). « Inverse monotonicity: I} > p?, thenm(pl ;) < w(p2,).
« Scalability: Ifp > 1, thenpm(p_;) > w(0p—;).
Remark 1: Note that the Positivity indicates the feasibil-

= ) ity of the rate splitting scheme. Inverse monotonicity retfie
Corollqry 2. It the umﬂed_spectrum is shared by both MeN ye cooperationpbehag\l/ior between playewith its oppgnents
and T“”'“p'e SeNBs, that is; — 1, then the b?St response € N, —i # i, which means that increasing the rate of the
function of th;defmed game given lyp ;) = ﬂ(pii%;‘:/vhere player 1 results in decreasing the rate of the player 2. Scala
m(p-i) = g — (A —wi = 1), wherew; = 1 — &=, and iy ensures that the rate variations achieved by othayenis
A ands; are the introducing parameters that are strongly related € N, —i # i will always be smaller than that achieved by

tothe aggre_gated and individual transmit traffic rate 0@msts. 1 aver; which guarantees the rationality and convergence prop-
Proof: With respect to the transmit traffic radg we derive erty of the iterations.

the first-order derivation of the Lagrangian relaxed fumetin Corollary 3: The convergence and uniqueness of the BRF of

(8), which yields playeri can be guaranteed if and onlyif < log (/\i;jilwi)'

Therefore, it is critical to derive the detailed BRF for the ¢
operative rate splitting game considered in this paper.

oc pi Proof: We now prove the Positivity, Inverse monotonicity,
= log + (A = ki) pi 4 -
0pi wi(pi) and Scalability properties.
() @i(pi) — pi dpi(pi) (1) Positivity: From the detailed form of BRF in Corollary 2,
_ gilp) PP 7 l) % 1 (X — k) with respect to Positivity, we can obtain
Pi ¥; (Pi
Pi )\ — K
1 1 dpilpi R S A 16
- 1. o) L) o) e S (16)
pi  pilpi) Opi
and further,
where
<o Ak (17)
dvi(pi) _ &e% Pi d )\—Iii—lwz .
Ip; Wi
0i(pi) + pi — et (2) Inverse monotonicity: We can see that the detailed fdrm o
= == - L (11) BRF in Corollary 2 is a decreasing function with respecpip
! therefore ifp} > p?, thenm(p}) < 7(p?), which always holds.
Therefore, (10) is (3) Scalability: Ifo > 1, then we have (18). Then(op;) —
om(p;) < 0 always holds, which concludes the proof.
o _ 1 1 9pilpi) + (A — &) (12)  Corollary 4: (Existence) A CBES always exists in the game.
dp; pi  wilpi) Opi Proof: To prove the existence property, we compute the the
1 1 <§0i(pi) T — p;_:st) O ) second-order differential function, which is given by
= —_— = — K;) .
pi  pilpi) wi 02L; P 1
= wi _——
If the unified spectrum is shared by both MeNB and multiple Ppi (eri — )’ o7
SeNBs, that isu; = 1, then let . )
wherep.st > p; always holds for a practical system; therefore,
oL 1 ’ w; = 1—E=t < (0 holds. Itis easy to see that-<"— > 0 and
L= - T L (A-mi—-1)=0, (13) Iz ytosee ek =
Ip pi el — —5 > 0; therefore, we can conclude tht>: < 0. Thus, there
we then have always exists at least one equilibrium solution for the foated
) game model.
wj

; = ﬂ—()\—/ﬂiz—l) :Tf(p_i). (14)
V. DISTRIBUTED COOPERATIVE RATE SPLITTING
Therefore, from the definition of the BRF in Definition 2 and ALGORITHM

Lemma 1, one can conclude that . . . . .
In this section, a distributed cooperative rate splittifgpa

N 1 . rithm is presented to achieve the optimal bearer of each RAN
pi" = = 7 (p—i)- (15) .
7(p—:) ieN.

_ « Initialization: Initialize the related parameters incing the
This concludes the proof. fixed power consumptiop.s; and the introduced Lagrangian
factors of\? , k¥ of the playeri € \V.

« Observation: Compute the channel fading information ac-

Having obtained the BRF, we next prove its convergence apgrding to the feedback information and location inforroati
uniqueness. If we want to certify that the BRF iteratigii' = and employ the potential interference power informagionto
~ Of the playeri converges to a fixed and unique point, thechieve the environment awareness and fully exploit theeoo
BRF iteration of playei should have the following propertiesative gains. Finally, these all yield the complete inforimatof

: ] _ Pest
[15]: wi =1-

C. Existence and Uniqueness
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wi Wi
m(opi) —om(pi) = ?—(A—f%—l)—9<m7—()\—fﬁ—1)> (18)
evi —ww; ewi — w;
w; w;
= 204 — 0 %1 *(17/))()‘7”1'71)
e i — 1wy evi —w;
« Decision: Repeat the following steps: — - Interference link - > Concurrent link—>»
— First, compute the best response function of
N Wi (Wt
m(p) = o~ (N =R,

— Achieve the next rate variable of

e 1
' (p})

— Update the Lagrangian multipliers using

N
ML=\ 1 o (p — pr) (29)
i=1

and
s "%t' +8 (pi _ p;nax) (20) Fig. 3. A typical simulation scenario with multiple types of smallcells.
wherea and g are the adjustable step factors, which affect the Table 1. System simulation parameters.
convergence properties. Simulation
« Conclusion: Determine the termination condition using Parameter Value
H)\H—l _ Xt” < Bandwidth Normalized spectrum
- and co-channel deployment
and Transmission| Each eNodeB employs fixed power:
|61 = K| < e2 power Puens = 46 dBm, Ppeng = 30 dBm
wheree; ande, are convergence precision settings. VB andPFe’\f 1—02|\5|)giBm
Remark 2: Here, the iteration equations of the Lagrangian '’ aXImum PPeNB = ps
multipliers (19) and (20) are achieved by the subgradierivale rate bearer ppens = 5 Mbps
tions. Channel MUE <+ MeNB = 15.3 + 37.6log;, d
fading model| MUE <« PeNB= 140.7 + 36.7log;, d
MUE «+ FeNB= 38.4 + 20log;, d

VI. NUMERICAL RESULTS

In this section, we first illustrate the simulation scensiaod
the basic settings with detailed parameters. Then, weytigf  the MUE receives the interference power from other downlink
convergence property, the effectiveness condition, aedrth  €NBs, forinstance, the MeNB, in the considered scenariohEa
proved performance of the proposed distributed cooperatite  €NB achieves the backhaul link. We omit the details of thecsel
splitting (DCRS) scheme. Finally, we evaluate the schentle wfion scheme here, but the assumption is that each MUE always
more extensive settings, including the interference tianadif- can achieve the best choice of the concurrent links. Thesyst
ferent requirements, and multiple players. parameters are listed in Table 1.

A. Simulation Settings B. Initial Verification

In this section, we present simulation results for an First, we simulate the iteration process of of the propped
interference-limited downlink OFDMA heterogeneous netwo DCRS scheme, where we assume that the total rate requirement
and observe the performance of the proposed algorithm in equ= 1.8 Mbps of MUK, and the maximum carried traffic rates
librium. The heterogeneous network consists three typedlef of the associated FeNB and PeNB are 1 Mbps and 1.5 Mbps,
odeB, including FeNB and PeNB, both of which underlay in theespectively. Either FeNB or PeNB can meet the huge rate re-
coverage of MeNB, shown in Fig. 3. guirement, and they have to cooperatively transmit coeculy

In Fig. 3, we concentrate on performance verification of they optimally splitting the traffic rate between them. Thewonh
multimode user equipment (MUE), where the MURas se- Fig. 4(a), we can see that the proposed DCRS algorithm always
lected the FeNB and PeNB to form the concurrent links. Alsquickly converges to 0.6144 for FeNB and 1.1856 for PeNB, in
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2 ) j i ‘ T LE L =
=== FeNB et
1.5 ) PeNB |] sl
a1 .. ' ] '
N.-'-"-----—-—-—---—-—-—-—
0.5 ) ] L Proposed DCRS
0 ; ; : O 0.4l Non-Coop. scheme
0 10 20 30 40 :
t
1o x10° 0 ‘ ‘ ‘
0 0 0.5 1 1.5 2
Wn x 10"
= 51 - ¥
DCRS \\ Fig. 5. Improvements in both spectral efficiency and energy efficiency
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about 20 iterations (on the order of milliseconds). Finadiy- 0.5 ‘
ploying the splitting ratio of>:3d4 and 14356 can guarantee 0 1 2 3 4 S
the downlink rate requirements concurrently transmittgdhe Interference X 10'7

FeNB and PeNB.

The proposed DCRS scheme is a cooperative scheme, and
we use the non-cooperative (Non-Coop.) and random (Random)
schemes as the benchmarks. These schemes involved in the sim
ulations, including the proposed DCRS, the Non-Coop. aed th
Random, are all distributed schemas. Therefore, we omitreco
parison of the signaling overhead, for instance, with thered-
ized scheme. First, it is noted that these schemes will wantem
effectively when the specific rate requirements are largeigh,
as shown in 4(b). This conclusion is evident because, famexa
ple, if the total ratep,.q is sSmall, the rate splitting is not helpful 0 1 2 3 4
for increasing the energy efficiency. A single RAN provides a req
acceptable rate guarantee for small requirements. (b)

Second, compared to the typical benchmark algorithm of
Non-Coop., we show an improved performance for the propofé%i
DCRS scheme in Fig. 5. The ratio of the interference to the en-
ergy efficiencyu/n is plotted on the x-axis; in other words, it is
the ratio of the spectral efficiency and the energy efficieti®y  jmproved CDF performance of the proposed DCRS algorithm,
cumulative distribution function (CDF) of which shows tltafr e first show the improvements in both spectral efficiency and
proposed DCRS algorithm can achieve a better tradeoff lEgtweynergy efficiency with more extensive settings, includihg t

@

DCRS
- Random
-=#--Non-Coop.

o N B~ OO

6. Improvements of both SE and EE w.r.t. interference situations
and different requirements.

them. interference situationse — 8 ~ 5e — 7 and different rate re-
) quirementsp,.q = 0.1 Mbps~ 3.5 Mbps, which are shown in
C. Further Performance Evaluation Fig. 6.

Finally, we evaluate the proposed scheme with more extensiv We conclude that the energy efficiency decreases as the per-
settings, including the interference situatidies— 8 ~ 5¢ — 7, ceived interference increase (Fig. 6(a)), and spectralieffty
different requirements,..q, = 0.1 Mbps~ 3.5 Mbps, and mul- keeps increasing as the rate requirements increase (. 6(
tiple players,N = 4,6,8,and 10. In addition, to reflect the The results depend on the assumption of specific settings; fo
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Fig. 7. Fairness and tradeoffs.
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ting strategy to improve both spectral efficiency and eneftiy
ciency by exploring and exploiting cooperation diversHitst,

we introduce the motivation for our proposed scheme and use
the typical cooperative Nash bargaining game to formulae t
problem. Then, we derive the best response function by ana-
lyzing the dual problem of the primal problem. The existence
and uniqueness of the proposed Nash bargaining equilibrium
are also proved, and more importantly, a distributed albori

is designed to approach the optimal unique solution undiet mi
conditions. Finally, we verify the convergence propetty &f-
fectiveness condition, and the improved performance opthe
posed DCRS scheme. We evaluate the scheme with more ex-
tensive settings, including the interference situatioiffecent
requirements, and multiple players. In the future, we walh€
centrate on the analysis and implementation of the ideaén th
dynamic coalition case.
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