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Abstract: Cell discontinuous transmission
(Cell DTx) is a key technology to mitigate
inter-cell interference (ICI) in ultra-dense
networks (UDNs). The aim of this work is to
understand the impact of Cell DTx on phys-
ical-layer sum rates of SBSs and link-layer
quality-of-service (QoS) performance in
multiuser UDNs. In this work, we develop a
cross-layer framework for capacity analysis in
multiuser UDNs with Cell DTx. In particular,
we first extend the traditional one-dimensional
effective capacity model to a new multidimen-
sional effective capacity model to derive the
sum rate and the effective capacity. Moreover,
we propose a new iterative bisection search al-
gorithm that is capable of approximating QoS
performance. The convergence of this new
algorithm to a unique QoS exponent vector is
later proved. Finally, we apply this framework
to the round-robin and the max-C/I schedul-
ing policies. Simulation results show that our
framework is accurate in approximating 1)
queue length distribution, 2) delay distribution
and 3) sum rates under the above two sched-
uling policies, and further show that with the
Cell DTx, systems have approximately 30%
higher sum rate and 35% smaller average de-
lay than those in full-buffer scenarios.

Keywords: effective capacity; QoS perfor-
mance; sum rates; multiuser scheduling; ul-
tra-dense network (UDN)

I. INTRODUCTION

Ultra-dense Networks (UDNS) is a key tech-
nology in 5G systems to achieve the 1000 fold
network capacity increment [1]. As small base
stations (SBSs) are densely deployed and op-
erating in the same frequency spectrum [2], se-
vere inter-cell interference (ICI) is introduced,
which degrades network performance. Due
to the bursty nature of traffic arrival, SBSs
may have no data to transmit for a short peri-
od [3]. Cell discontinuous transmission (Cell
DTx) allows SBSs to be switched to an idle
mode in these periods to reduce ICI as well
as transmission power [4]. In the downlink
transmission, multiple user equipment (UEs)
are allowed to share a channel by applying a
specific scheduling policy [5]. On the other
hand, thanks to the wide usage of real-time
services like video-streaming application and
V2V communication, meeting the stringent
requirements of quality of service (QoS) has
become another challenge for 5G systems [6].
Therefore, it is important to understand the
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impact of Cell DTx on both sum rates of SBSs
and link-layer QoS performance of multiuser
UDNS .

A number of work has studied Cell DTx
performance in improving the physical-layer
spectral efficiency (SE) and energy efficiency
(EE). Bonnefoi et al. [7] developed a sub-opti-
mal resource allocation algorithm to minimize
the power consumption with DTx. Chang et
al. [8] considered the impact of network traf-
fic load on SE and EE. Andersson et al. [9]
evaluated the performance of DTx in reducing
power consumption under different network
deployments. Holtkamp et al. [10] proposed a
resource management method to optimize the
trade-off between antenna adaptation, power
control and DTx in multiuser MIMO-OFDM
networks. Polignano et al. [11] studied the im-
pact of DTx on the QoS performance of Voice
over IP traffic under dynamic and semi-per-
sistent packet scheduling strategies by simula-
tions. However, these work didn’t mathemati-
cally analyze the link-layer QoS performance,
such as queue length distribution and delay
distribution.

QoS performance can be studied by adopt-
ing a cross-layer effective capacity model
[12]-[14]. Balasubramanian et al. [15] pro-
posed the optimal scheduling scheme to maxi-
mize the total system effective capacity. Wang
et al. [16] developed an iterative algorithm to
find delay-constrained sub-optimal link sched-
uling strategy in wireless sensor network.
In full-buffer scenarios, Weyres et al. [17]
analyzed the effective capacity in multiuser
networks under the round-robin (RR) and the
max-C/I scheduling policies. Cui et al. [18]
analyzed networks using both licensed and
unlicensed spectrum and calculated the maxi-
mum data rate of a link under QoS constraints.
Gu et al. [19] considered the burstiness of traf-
fic in UDNSs and derived the effective capacity
of UDNSs in single-user scenarios. However,
the above work didn’t jointly consider Cell
DTx and multiuser scenarios.

In this paper, we continue the work [19]
to study multiuser UDNs with Cell DTx and
quantitatively analyze sum rates of SBSs and

link-layer QoS performance. In summary, we
develop a new cross-layer framework that
consists of a new multidimensional effective
capacity model and a new iterative bisection
search algorithm for QoS performance anal-
ysis. Part of this work has been published in
2018 IEEE/CIC International Conference on
Communications in China (ICCC) [20]. The
main contributions of this journal paper in-
clude:
® Extension to N-SBS Cases: We extend our
research to networks with more than two

SBSs and develop a cross-layer model to

derive distributions of UEs’ signal-to-inter-

ference-plus-noise ratio (SINR), sum rate in

a specific SBS and UEs’ effective capacity.

Moreover, several properties of the effec-

tive capacity are then revealed to further

study the network QoS performance;

® A new algorithm: Based on the above prop-
erties, we further propose a new iterative
bisection search algorithm to approximate
the link-layer QoS performance. The con-
vergence of the proposed algorithm to the
unique QoS exponent vector is proved
through mathematical analysis.

® Application of the framework: We apply
this framework to multiuser UDN scenarios
under the RR and the max-C/I scheduling
policies. The accuracy of our framework is
validated as the analytical and simulation
results are in a good agreement. The sim-
ulations also show that with the Cell DTx,
systems have approximately 30% higher
sum rate and 35% smaller average delay
than those in full-buffer scenarios.

The rest of this paper is organized as fol-
lows: Section II explains the system model of
multiuser UDNs with Cell DTx. Preliminaries
on the traditional effective capacity model is
given in Section III. In Section IV, we develop
a new cross-layer framework to analyze the
sum rates and QoS performance. In Section
V, we apply the framework to multiuser sce-
narios and derive the approximation of effec-
tive capacities under the RR and the max-C/I
scheduling policies. In Section VI, we build a
simulation platform to validate the accuracy of

In this work, we de-
velop a cross-layer
framework for capaci-
ty analysis in multiuser
UDNs with Cell DTx.
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our proposed framework. Section VII summa-
rizes our work.

II. SYSTEM MODEL

2.1 System architecture

A system model of a multiuser UDN with Cell
DTx is shown in figure 1. The network consists
of N SBSs and each SBS serves multiple user
equipments (UEs) in a shared channel. The set
of SBSs is denoted by N = {1,2,---, N}, where

N is the number of SBSs. The set of UEs in
SBS n (n e N) is denoted by 7, = {1,2,-,J, },
where J,, is the total number of corresponding
UEs.

Each UE is assigned an infinite-sized buffer
in its associated SBS. SBSs apply a specific
scheduling policy to allocate the shared chan-
nel resource among multiple UEs [21]. In this
paper, we consider two scheduling policies,

o é ___\_,?-\
a4
@ € sBs3 )
SBS 2 %} VE 1§ Active
/// NS~ =

)
/(@) SBS5
-7 é_lgle
5, //// o= ~
) A
, -
J

—— Desired Signal
&mmmmen Interference

Fig. 1. An example of the system model consisting five SBSs and corresponding
UEs. SBS 3 and 4 are active to transmit the data while SBS 1, 2 and 5 are in the
idle mode.

Buffer is empty
and no data arrives

No data Buffer is
arrives nonempty
Data arrives

Fig. 2. Transition between two modes of a SBS with Cell DTx.

namely, the round robin (RR) and the max-C/I
scheduling policies.

All SBSs use Cell DTx, i.e., each SBS has
two modes, namely an idle mode and an ac-
tive mode. In the idle modes, the elements for
transmission such as the power amplifier are
switched off to reduce interference and save
energy [22]. In this paper, we consider the
dynamic Cell DTx process, i.e., the SBS can
be dynamically switched to an idle or active
mode depending on whether there is data to
transmit at any slot [23]. If the buffer of the
scheduled UE is empty and there is no data
arrival at this slot, the SBS switches to the idle
mode; otherwise, it stays in the active mode
for the target UE’s data transmission [20]. Fig-
ure 2 illustrates the transition between the two
modes.

2.2 Inter-cell interference modeling

In order to analyze a fine-grained performance
of individual link, we first consider UEs’ sig-
nal-to-interference-plus-noise ratio (SINR)
distribution in SBS n(n € N') [24]. We assume

that the wireless channels experience block
Rayleigh fading and channel conditions of
UEs in SBS 7 are mutually independent. Let
M denotes the set of other active SBSs except
SBS n at a given slot. The average received
power of UEs in SBS 7 is assumed to be equal
and is denoted by P

> the average interference
power received by UEs in SBS n from SBS

i(i € M) is assumed to be equal and is denot-
ed by F,,. Therefore, UEs in SBS n have the

same SINR distribution. The received SINR of
UE(jeJ,)in SBS n can be written as

])n,n |Hn,n,j
"R I, FANE

in,j
ieM

where N, is the noise spectral density, B is
the channel bandwidth, H,, . is the Rayleigh

Ln,j

|2

(1

fading coefficient between SBS i and UE ; in

SBS n and |H. ’ is the channel gain which

in,j

is exponentially distributed with unit mean,

o’ = N,B is the power of the additive white
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Gaussian noise.

The service S, [k|(k=1,23) is
the amount of bits that SBS » can trans-
mit to UE j at slot k. The service sequence
S,.;[1].S, ;[2].-- are independent and iden-
tically distributed (i.i.d.) random variables
(RVs) identical to a RV S, .. According to
Shannon’s theorem, S, ; is a function of the
bandwidth B, the duration of a slot 7, and the
SINR 7, .

S,,’j =BT, log,(1+ Vu ). 2)

Because UEs in SBS n have the same
SINR distribution and (2) holds, their services
Sy158,25++,8, , follow an identical distribu-

tion.

2.3 Traffic modeling
We follow the work [20] and make the follow-

ing assumptions for UEs’ traffic characters in
SBS n(ne N):

1) The traffic arrival of UE j in SBS n,
4, [1].4, ;[2].-- are i.i.d. RVs identical to a

RV 4

n,j>
2) The traffic arrivals of UEs in SBS n con-
firm to a same Bernoulli process with a data
arrival probability p, (p, € (0,1]);

3) The traffic arrivals of UEs in SBS # in
every slot follow a same exponential distribu-
tion. The average arrival size per slot is denot-
edby L ;

Based on the above assumptions, the traffic
arrivals of UEs in SBS n, 4, ,

1.1.d. RVs identical to a RV 4,. The probability
distribution function (PDF) of 4, is

Aoy -,An,.,“ are

a

" (a>0) G

1
fo @=f, @=1"71"°
1-p, (a=0)
A, ; is the average arrival rate of UE j in
SBS n. Based on (3), 1, 1,1, 5.+, 14, 5 equal a
single value z,:

M, =p,=L,p,/T. 4

III. PRELIMINARIES: ONE-DIMENSIONAL
EFFecTIVE CAPACITY MODEL

In the context of the traditional one-dimen-
sional effective capacity model, the arrival
and service rates of UE j(jeJ,) in SBS

n(n eN ) can be characterized by their effec-

tive bandwidth aflb]) (”n,‘;) and effective capac-

ity o) () [20]:

A (u )
(b) Ay \7J
an, '(un, ) T —
’ ! n,jZ
P
= —+1-p, |,
un /T;‘ g{l_un,]’Ln pn}
(5)
A (—u )
(¢) _ S",/ n,j
an,j(un,j) = —T, (6)

where u, ; is the QoS exponent, A, (un,j)
and Ag (—un, j) are the log-moment generat-

ing functions of 4, ; and §,

. j» Tespectively. Let

C, ; denotes the service rate of UE j in SBS n.

By adopting the work by Soret et. al. [25], (6)
can be approximated by a simplified form:

Var(C, )T,
()

where E[] is an expectation operator and

(¢) ~
an,j (un,j) ~ E[Cn,j ]

Var(e) is a variance operator.

Corollary 3.1: when u, ; — 0, the effective
capacity of UE j in SBS n approaches to the
ergodic capacity E[Cm ; J Meanwhile, the sum
rate of SBS n, C

C

phy _n

oy _n AN be given by
= Jn E[Cn,/' ] (8)
If there is a unique QoS exponent u: ;>0
that satisfies
aflf}j) (u:j) = afl‘j) (”:,,) > (9)
then the complementary cumulative distribu-
tion function (CCDF) of the quene length O, ;

can be approximated by [26]

P(Qn.j > Bn,j) ~ p;’v./‘e—un./’BﬂJ , (10)
where P () is the probability of an event, B, ;

is a queue length bound, p;"’ is the nonempty
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buffer probability of the queue. According to

the work [26]'
Tx1-u L.

n,jn"

Denote Dn, ; as the steady-state delay expe-
rienced by a flow of UE j in SBS 7. According
to the work [27], D, ; is a RV and its CCDF

can be approximated as

. o)t
~ oS T, %, (ty )1,
P(D,;>t, )= p, e "

n,j

1,
N R
z{l— pn n/Ln JT\
1- u”jL +pu, L

n,j"n

Algorithm 1. An iterative bisection search algorithm to solve (17).

Algorithm algo()

1. Given L,,---,L,, initialize the upper bound up =qu,~~-,Ll} the lower

N

bound ul = [0,-+-,0], the tolerance & (e.g., £ =107)

3. Suppose By =l(ieM), obtain u by solving

4. Initialize u'® = [ul(o),- ,ug\?) }, update the upper bound up( ) —u®

5. Repeat
for i = 0 : maxlteration do
proc 1
end
6. Uniil|f, (u) < & ¥ne N

return u’
Procedure proc 1
1. n=1+4imodN

2. UL=0,UP=up" [n], up"™" = up!), u@H =g

()

lff( (i+1) )>0then

while

>&do

UL =u""[n]
else

UP =u"""[n]
end

3. u™[n]= %(UL +UP)

where 7, ; is a delay bound.

Corollary 3.2: The average delay experi-
enced by a flow of UE j in SBS n, E[Dn,‘]} is
given by
1- un L,
pa, L,

(13)
Proof: 1t can be implied from (12) that the
delay D, ; follows a geometric distribution.

E[D,,1=["P(D,, >1,,) di,, =

n,j

Therefore, its mean E[Dn,j] can be derived

according to [28].

IV. CROSS-LAYER ANALYTICAL
FRAMEWORK FOR UDNS wiTH CELL
DTX

In order to analyze the sum rates and QoS
performance of multiuser UDNs, we develop
a new cross-layer framework for capacity
analysis. In particular, the SBS idle probability
is first studied in IV-A. Then we extend the
traditional one-dimensional effective capacity
model and develop a multidimensional model
to derive sum rates of SBSs and UEs’ effective
capacity in IV-B. A new iterative bisection
search algorithm is proposed and discussed in
IV-C to find the unique QoS exponent vector
and approximate the QoS performance.

4.1 Analysis of the SBS idle
probability

As discussed in Section II-B and II-C, the ar-
rival and service of UEs in SBS n(n eN ) are
both identically distributed, it can be implied
from (5), (7) and (9) that the unique QoS ex-

*
ponents of UEs in SBS n, u, l,unqz,---un",” are

equal to uﬂ:
u,, =u, (jeJ,). (14)
Based on (11) and (14), the nonempty
buffer probability of the queues in SBS n,

n,2 n,J, n.
pit pr? - i’ are equal to py:

end , 5
4. up™Vn]=ut*[n] =p, (J€T,). (15)
N ! The idle probabﬂlty of SBS n at slot k is

return u*) up*) . .
denoted by B, ,[k]. It is equivalent to 1) the
110 China Communications « September 2019
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probability that the scheduled queue is emp-
ty meanwhile 2) no data arrives at the queue
during slot & [25]. According to (10) and (15),
the queues in SBS #n follow a same distribu-
tion. Therefore, the probability that the sched-
uled queue is empty equals to 1— p; at each
slot. Moreover, the probability that no data
arrives at each slot equals to 1— p,. Therefore,

Pue w[1]:Bge o[2],-- are i.id. RVs identical
toa RV £, . Since these two events are mu-
tually independent, £, , can be written as a

product of the empty buffer probability 1—- p;

and non-arrival probability 1 - p,:
Idle n (1 p;’)(l_pn) unl‘n (1 pn)' (16)

4.2 Multidimensional effective
capacity model

According to the discussion made in Section
II-B and IV-A, the interference experienced
by UE j(j€J,) in SBS n(ne N) is a func-
tion of the idle probability of other SBSs,
Bae 155 Baie n-1-F FPae n- There-

idle_n+1>""">
fore, the mean and the variance of the service
rate, E[ ] and Var( ) both are functions

of uy,-+,u,_j,u uy. From (7), it can be

n—1>%n1"" "

implied that the effective capacity of UE j in
SBS n, ol )( ) is a function of all the QoS

nJj
exponents u,- -, uy.

Proposition 4.1: According to (9), the key
of analyzing the sum rates and QoS perfor-
mance is to find the unique QoS exponents

ul* ,m,uj\, > 0 that satisfy the following equa-

tions:
ol () =a) (1))
ay)(u') =) (uy) (17)
o)) =all) (uy)

where u’ =[u1,---,uN] is the unique QoS

exponent vector. Eq. (17) can be solved by
numerical methods, such as Newton’s method.
However, calculating the Jacobian matrix of
(17) when using Newton’s method is com-
plicated and time-consuming. Therefore, we

develop an efficient algorithm that iteratively
applies bisection search to solve (17), which is
expressed in pseudocode in Algorithm 1.

4.3 Convergence of algorithm 1

The following proposition and lemmas reveal

the key properties of the effective capacity,

which is the basic of Algorithm 1:
Proposition 4.2: When u\u, is fixed,

there must be an unique QoS exponent u:

that satisfies affj)(uZ)za,(,bj)(u:), where

ul\u, =[uy,u, ,u uy] collects all

n-1>%n41"" "
other QoS exponents.

Proof: According to Corollary 3.1, when
u, >0, a,(fl) (u,,) approaches to the ergodic

capacity E[CM}. According to L’Hospital’s

rule, when u, >0, a,(fz(un) approaches
to the arrival rate g, ;. Since the ergodic

capacity should be larger than the arriv-
al rate to guarantee the queueing stability,

a(c)(url)—a(h)( ,)>0 when u, - 0. From

n,j n,j
(5) and (7), it can be implied that when

1 ¢ . -
u, = —, a,g,; (u,) is expected to be a limited

n

. b
value while 0‘;(1 ;

infinity. Therefore, acz( ) a )( )<0

n,j

(u,) is expected to approach

1 .
when u, - —. Moreover, according to work

n

[12], a,(f} monotonically decreases with u,

b

while a!")

monotonically increases with u,
Therefore, there must be a unique QoS expo-

nent u, that satisfies a,(, j)( ) aﬁ?j). (u: )

Lemma 4.3: When there is no interference
between SBSs, the QoS exponent u,(,o) obtained
by solving f, (uff’)) =0 is the upper bound of

u,.

Proof: When there is no interference be-
tween the SBSs, UEs in SBS » have the best
SINR performance. Since the idle probability
of other SBS except SBS # can be regarded
as 1, the effective capacity of UEs in SBS
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n is independent of u\ u,. Therefore, ac-
cording to Proposition 4.2, the upper bound
of u, (most stringent QoS requirements
SBS n can support, in other words) can be

obtained by finding the uf{o) that satisfies
)=o) o -l -0 T
equation can be solved by bisection search

. 1
with upper bound T and lower bound zero.

Lemma 4.4: Denote (u,) as the QoS
exponent sequence of UE j in SBS n. The
elements of (u,) are the u, approximations,

(©) 0 ... (1)

n >"n > >%n

u,”’u ,~-+ in every N iterations. The

sequence (u,) is strictly monotonically de-
creasing with k, which means that uf,k) > u,(lk”).

Proof: When take the interference from
other SBSs into consideration to solve (17).
In the n™ iteration, as the SINR perfor-
mance degrades, the effective capacity of

UE j in SBS n, a,(fj) (u(”’”) is smaller than
the effective capacity in the initialization

al) (u,(j’)). The effective bandwidth is in-

n,j
dependent of the interference, which means

that a,(lbz (u(”_l)) :a,(f} (u,go)) . Therefore, we

have f, (u(”’l)) <0. Since a,(f_z. monotonically

B

decreases with u, when u \ u, is fixed, the uf,l)

that satisfies f, (u(”)) < & is smaller than u,(lo),
where u") = [ul“),--‘uf,l),u,ﬁi)l,-"ug)] :

In the (N+m)™ iteration,
s inc e ul(z) <ufl),"',u£,%)1 <”£zl—)1

o) (w ) <alf)(u®) [197, where

u(NJrnfl) — [ul(Z)’ufi)l’u’(]I)’ug\})] How -
ever, since alg,bj)'(“(mn"))=a,(1{7j)-(u(")), we

have f, (u“””’”) <0. When we fix u\ u, and

apply bisection search, the uftz) that satisfies

fn(u<N+"))<<§ is smaller than u'”, where

I C L RO}

n >%n+l>

u(N+n) _ [

In the (kN +n)" iteration, when fix u\ u,

(k+1)

n

fies f, (u(kN +”)) < £is smaller than uf,k), where

L _ [”1(k+1)" ) -u,(,kﬂ),uf,ﬁ)p' ) -u%f)] .

and apply bisection search, the u that satis-

It can be implied from Lemma 4.4 that

(k+1)

) > 4V which means that the sequence

(u,) 1s strictly monotonically decreasing
with k. Moreover, the sequence has a lower
bound of zero [27]. Therefore, according to
the monotone convergence theorem of the se-
quence [29], (u,) can converge to the unique

QoS exponent u: , Algorithm 1 can converge

to unique QoS exponent vector u’.

V. EXAMPLES: EFFECTIVE CAPACITY OF
MuLTIUSER UDNS wiTH CELL DTX

In this section, we use the cross-layer analyti-
cal framework in Section I'V-B to analyze the
QoS performance of multiuser UDNs under
the RR and the max-C/I scheduling policies.
In particular, we first approximate the effec-
tive capacity of two-SBS single-user scenarios
in V-A and then extend to N-SBS single-user
scenarios in V-B. The effective capacity of N
-SBS multiuser scenarios under the RR and
the max-C/I scheduling policies are derived in
V-C and D, respectively.

5.1 Effective capacity of two-SBS
with single user

Suppose that the system consists of two SBSs,
namely SBS 1 and SBS 2. Each SBS serves
one single UE. We choose SBS 1 as the target
SBS for the rest of the discussion. The SINR
of the UE in SBS 1 may have two cases:

Case I: SBS 2 is in an idle mode and causes
no interference to the UE in SBS 1 with prob-
ability Py, , ~u,L,(1—p,). From (1), the
UE’s received SINR is

o _ Pl,l |H1,1,1 ‘2

7 =———F— (18)
(o2

2. . .
Because |H,,171| is exponentially distributed

with unit mean, the PDF of the SINR is given
by
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) o7

-
Sy =g (19)

.1

Case II: SBS 2 is in a active mode and
causes no interference to the UE in SBS 1 with
probability 1- P, , ~1-u,L,(1- p,). From
(1), the UE’s received SINR is

})1,1 |H1,l,l |2
B,y H,,, [ +o®

Therefore, the PDF of the SINR is given by
[20]

@ _
11

(20)

Gz;/
o’ PI,IPZ,I R,
+ T

f 2 (7) =
71(,1) Pl,l + P2,17 (31 +Pz,17/)2

o2y
By combing these two cases, the PDF of
the UE’s received SINR is a function of u,:

2

o
f:/u (7/,142) = (Edlez P_+ (I_Bdleiz)

1,1

) o’ + R,P, ei%}y
B, +P,y (B, +PB,y)

(22)
The cumulative distribution function (CDF)
of the SINR is the integral of (22):
F;/H (7su,) =

1-| P B )W @

—( ,.dle_2+(1—Bdk,_z)mJe T
Denote C,;(u,) as the instantaneous ser-

vice rate of the UE. The mean of Cu(uz) is

the ergodic capacity:

BIC, ()= [ Blog, (1+7) £, (7-u,)dy

2

+o0 o
= jo Blog,(1+y) (PidleZ P_+ a _Pidleiz)

1,1

) o’ + BB, . e_%"yd;/.
R, +Pyy (B, +B,y)

24

The variance of C,(u,) is

Var(C,(u,)) = E[CU2 (u,)]-E[C (u, 7. (25)

5.2 Effective capacity of N-SBS with
single user

We proceed to consider N-SBS single-user
scenarios. For SBS n(n € /\/) , all other SBSs

can either be in an idle or an active mode.
Therefore, the number of possible interference

cases is Z(Nfl). To derive UE’s effective ca-

pacity in N-SBS single-user scenarios, we first
make the following proposition:

Proposition 5.1: Let N \n— M and N \n
denote the set of idle SBSs and other SBSs ex-
cept SBS n, respectively. The PDF of the UE’s
SINR can be given by
[, ()=

> HH(I—RM 1 PJ

MeP(N\n) ieM N
M=D ke

z H 131 n 02 Pz nPn n
. 2 —+ i 2
ieM reMii I)i,n - Pt,n E,ny + Pn,n (])tn}/ + Et,n )2

(26)
and the CDF of the UE’s SINR is
Fm (y.u\u,) =

1= Z ([H(I_Ecﬂei} H })idlek] (27)

MeP(N\n) ieM
M=D

eNwn

P

ieM
where P(N \n) is the power set of the set
N \'n, which collects all possible interference
cases. |/\/l| is the cardinality of the set M.

geN'n

For a proof of Proposition 5.1, see Appen-
dix A. Denote C,  (u'\ u, ) as the instantaneous
service rate of the UE in SBS n. The mean of
C,(u\ u,) is the ergodic capacity:

E[C, (u\u,)]=

. (28)
J'O Blog, (1+ 7)fm (y,u\u,)dy.
The variance of C, ; (u\ u,, ) is
Var(C,,(u\u,)) =
’ 29)

E[C

n,l

*(u\u,)]-E[C

n,l

(u\u)l.

5.3 Effective capacity under the RR
scheduling

Shown in figure 3, UEs in a same SBS are
served in turns under the RR scheduling [5].
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Fig. 3. Link-layer scheduling process of RR and max-C/I.

Table 1. Simulation parameters.

Parameter Value
Bandwidth, B 180kHz
Noise power density, N, -174dBm/Hz
Duration of a slot, T§ Ims

Number of associated UEs, J,

>“n

Jy=3.J,=2.J,=3,J,=3

Mean value of the arrival data length, L,

L, =2000, L, =1000, L, =1500, L, = 1200

Data arrival probability, p,

Pi=p,=p;=ps=01

Average receive signal power, P,

B,=P,=P,=P,,=-101.44dbm

Average interference power, P,

B,=P,=P, =P =-119.44 dbm,
Ry=P, =P, =P, =-120.44 dbm,
Ry=F, =P ;=F,=-119.94 dbm,

Simulation time

10000 seconds

Define the received SINR of UE j(j € J,) in
SBS n(ne N')atslot k(k =1,2,3---) under the

RR scheduling 7, ;g [£] as follows:

Ve [k]= {

Denote C, ;.z (u\ 1, ) as the service rate of
UE j in SBS » under the RR scheduling. Be-
cause SINR values are nonzero at certain slots

(the /™ slots for every J, slots), we make the

Vo, Lk kmodJ, = j
0 kmodJ, # j

following proposition:

Proposition 5.2: The mean and the variance

of C, ;.pg (u'\u,)are

E[C

1
,JiRR (u \un )] = J_E[C

n

30

n,l(u\un)]’ (31)

Var(cn,j;RR (u \ un ))

-1
= JLVar(Cml (u\u,))+ {"}—2 E[C,, (u\u, )]2.

(32)

For a proof f Proosition 5.2, see Appendix
B.

By substituting E[Cn,]} and Var(Cw.) in
(7) with (31) and (32), the effective capacity
of UE j in SBS 7 under the RR scheduling can
be approximated by

. 1
@, e (W) = TE[Cn.I (u\u,)]

n

1 J -1
[Jnvar(cn,l(“\“n))+ }nz E[Cn,](u\un)]zjz:
_ u, .
2 n
(33)

5.4 Effective Capacity Under the
Max-C/I Scheduling

Shown in figure 3, the UE with the instan-
taneously highest SINR is served under the
max-C/I scheduling [5]. The received SINR
of UE j(j€J,) in SBS n(neN) at slot

k(k=1,2,3--) 7, jumax [ K] is defined as [31]:
k= v.lkl v, k1>, k]

e 0 7, lk<y, ]
where 7, _; [k]= max y,,[k] is the high-

meJ, ,m#j

. 34

est instantaneous SINR among UEs in SBS n
except UE j. Because y, [k] are i.i.d. RVs
identical to a RV y, . 7, i 1a [k] are i.i.d.
RVs identical to a RV 7, .0 C, oy (0\ 11,
denotes the service rate of UE j in SBS n
under the max-C/I scheduling and has the fol-
lowing property:

Proposition 5.3: The mean and the variance
of C, .y (1 \ 1, ) are
E[Cn,j:max (u \un )]
- ﬂ‘”Blogz(l +PF, (ru\u)" 7 f, (ru\u,)dy,

(35)
Var(Cn,/‘;max (u \ un ))

=E[C *(u\u, N-E[C, e (W, )7,

n, j;max
(36)
where F, (7,u\u,), f, (r,u\u,)are given
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by (27) and (26), respectively.

For a proof of Proposition 5.3, see Appen-
dix C. By following the similar procedure
in the analysis under the RR scheduling, the
effective capacity of UE j in SBS » under the

max-C/I scheduling can be approximated as
) W = E[C, | (\1,)]
Var(C, e W\, )T, . (37)
5 .-
Both Cell DTx and scheduling policies
have no effect on the arrival process. Based on
(5) the effective bandwidth of UE j in SBS n

under both scheduling policies equal to

+1-p,).-(38)

—0
T g(

n K n"n

We formulate the following nonlinear equa-

(b)
n ,J;RR/max (un)

tions to find the unique QoS exponent vector
u’ under the RR or the max-C/I scheduling
policies:
fi (u) al(‘j) RR/max (u) - al(,};');RR/max (ul )
» (39)
fN (u) = ai(\/c,)j;RR/max (u) - a](\f),)j;RR/max (uN)

which could be solved by Algorithm 1 sum-
marized in Section I'V-B.

VI. RESULTS AND DISCUSSIONS

A simulation platform is built based on a four-
SBS system model described in Section II-
A. The number of UEs served by SBS 1, 2,
3, 4 is set to be 3, 2, 3, 3, respectively. The
bandwidth B is 180 kHz that equals an LTE
resource block; the duration of a slot 7, is

Ims, which is a transmission time interval
in LTE networks. The noise spectral density
N, is set to -174 dBm/Hz. The average ar-

rival rate of UEs in four SBSs are 200 Kbps,
100 Kbps, 150 Kbps and 120 Kbps, respec-
tively. The average values of UEs’ SINR in
every SBS without the interference is 20 dB,
which means that the average received signal

power P, ,(n=1,2,3,4)=-101.44 dBm. The

n,n
average interference powers from other SBS
P, (i€ N'\n) are set according to the param-

eters in [19]. Table I lists all the simulation

= RR Simulation Result

=A== RR Analytical Result
e max-C/| Simulation Result
=A== max-C/| Analytical Result
-1k
10
o
3 RR Scheduling
a
- 102k
=
[
Qo
[
o
10»3 L
max-C/I Scheduling
1 0-4 1 1
0 1 2 3 4 5
Quene Length Bound, B (bits) «10%

(a) Queue length distribution

10%
s RR Simulation Result
—A— RR Analytical Result
s max-C/| Simulation Result
—A— max-C/l Analytical Result
107 £ 3
A RR Scheduling
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a
2
>10
=
]
Qo
<}
o
103 ¢ 3
max-C/I Scheduling
1 0.4 L L AN
0 50 100

Delay Bound, t (ms)
(b) Delay distribution

150

Fig. 4. The queue length distribution P(Q > B) and the delay distribution P(D > t)
of UE j in SBS 1 under the RR and the max-C/I scheduling policies.

parameters used in our work.

Figure 4(a) and (b) show simulation and an-
alytical results of the queue length distribution
P(Q > B) and the delay distribution P(D > 1)
of UEj in SBS 1 under the RR and the max-C/
I scheduling policies, respectively. The unique
QoS exponent vector u' is numerically found
by Algorithm 1 and the analytical results are
calculated by (10) and (12). As illustrated in
figure 4, the simulation and analytical results
overlap with each other under both scheduling
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under the RR and the max-C/I scheduling policies with increasing average data

arrival size.

policies, indicating that our proposed frame-
work can accurately approximate the effective
capacity and QoS performance of multiuser
UDNSs with Cell DTx.

To study the improvement of Cell DTx, we
further set L,,L,,L;,L, to a same value Z; and
linearly increase L, from 1000 bits to 2000

bits, which means that the average arrival rates

of UEs in the four SBSs increase from 100
Kbps to 200 Kbps.

Figure 5(a) shows the simulation and the
, of SBS

1 under the RR and the max-C/I scheduling
policies, respectively. The sum rate of SBS 1

analytical results of the sumrate C ;-

when assuming full-interference scenarios un-
der the above two policies are starred as well.
The analytical results with Cell DTx are cal-
culated by (8) after obtaining the unique QoS
exponent vector u’. The full-interference sum
rate is obtained by setting Py, ,(n=1,2,3,4)

to 0, which means that all the SBSs are always
transmitting and causing interference to oth-
ers. As shown in figure 5 (a), when L, = 1000

bits, with Cell DTx SBS 1 has approximately
30% and 25% higher sum rates than those in
full-buffer scenarios under the RR and the
max-C/I, respectively. This is because that
when the average arrival rate in each SBS is
small, the SBSs are more likely to be idle with
Cell DTx, which greatly reduce the ICI among
SBSs. However, as the average arrival rates
get larger, the interference caused by other ac-
tive SBSs increases. As the SINR performance
of UEs in SBS 1 degrades, the sum rate and
idle probability of SBS 1 both decrease, which
means ul* — 0, Cell DTx scenario approaches

to the full-buffer scenario. Therefore, the gap
between the two scenarios narrows. Further-
more, we can see from figure 5(a) that SBS 1
is capable to obtain a larger sum rate under the
max-C/I than the RR. This is because that the
UE with the best channel condition is served
at each slot under the max-C/I scheduling
policy, a larger multiuser diversity is obtained
to improve the sum rate and compensate the
SINR performance degradation.

Figure 5(b) shows the simulation and the
analytical results of the average delay E[Dl,j]

of UEj in SBS 1 under the RR and the max-C/
I scheduling policies, respectively. As shown in
figure 5(b), when L; = 1000 bits, with Cell DTx
SBS 1 has approximately 35% smaller average
delays than those in full-buffer scenarios under

both scheduling polices. However, E[Dl,j]

116

China Communications ¢ September 2019

Authorized licensed use limited to: XIDIAN UNIVERSITY. Downloaded on December 25,2020 at 11:23:57 UTC from IEEE Xplore. Restrictions apply.



increases with the average data arrival size gets
larger. This is because that the queueing lengths
of flows increase as the SINR performance of
UE degrades and service rate decreases.

VII. CONCLUSION

In this paper, we study the mathematical rela-
tionship among 1) the inter-cell interference,
2) the sum rates of SBSs, 3) scheduling pol-
icies and 4) QoS performance in multiuser
UDNs with the Cell DTx. In particular, we de-
velop a cross-layer analytical framework that
consists of a new multidimensional effective
capacity model and a new iterative bisection
search algorithm. With this framework, we can
approximate the sum rates and QoS perfor-
mance under the round-robin and the max-C/I
scheduling policies in multiuser scenarios. The
simulation and analytical results are in good
agreement for both policies, validating the
accuracy of our proposed framework. Further
extensions of our work might use this frame-
work to optimize network operations such as
power control and resource allocation.
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Appendix A

Proof of Proposition 5.1

All possible sets of active SBSs map to all
interference cases of the UE in SBS n. For a
specific set of active SBS M, the UE’s SINR
is given by (1)

Rl,n |H

2
n,n,l |
= , 40
P, |H,, [+N,B o

ieM

where MeP(N\n) M=Z. Let

yn,] =

2 .
X, =P denotes the received pow-

nl = “n,n

H

n,n,l

er of the UE in SBS n, Yn,l:]n’,+0'2:

ZiEM F, |Hl.,n’1|2 + 0 denotes the sum of the
average received interference power and the
noise. Suppose that P, , (i € M) are different
from each other. Therefore, 7, ; is the sum of
|M| exponential distributed variables with dif-
ferent means, whose distribution is a special
case of the hypoexponential distribution. The
PDF and CDF of /, , are

1

R e
f,,i_l(g)=2—[H—P s ]e ERCE)

ieMLin emu i t

P -8
F, (g)=1—Z(H—P s Je @)
in t,n

IEM\ epmni
Note that the CDF of /, ; equals to 0 when
substitute g = 0 into (42), which means that
> [H—P”" ]: 1. (43)
ieM\_oap P,-,n _E,n
By substituting g = y— o’ into (41), we
could obtain the PDF of ¥, |

1 P )
fy,hl(y)=2—(]_[#je b (44)

ieMTin \ emi *iin tn

Because X, | follows an exponential distri-
bution with mean 7, ,, the PDF of y, ; can be

n,n

derived according to [30]

£ IM
L =)
_ +0 1 . 1 Rn F
2 P(HP—P] v
B Pi,n 0'2 ) P[‘nPn,n %j,y
_iez !_\4[, Pi,n _B,n Pi,ﬂ}/+B‘v" I(Pi,n +P"s" )2 i |
(45)

The CDF of y,, can derived by calculating

the integral of (45) and simplified using (43)
E, (yIM)

2

B B, R
- ieM[,](;[, B,n - Pt,n J 1 B,n}/ + Rl,n ‘ (46)
— 1_ R’I,YI‘/\A‘ %

[1(2.7+~.)
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The possibility of this specific set of active
SBS M is given by

Py =H(1_Pid1£/7i) H Pid]eik‘

ieM keN\-M

When M =, there is no other active SBS
that causes interference to the UE in SBS n. We
could derive the PDF and CDF of y, , in this case:

—O'zy
Bin
f;/m (7911\”;1) H idle q € s
geN\n n,n

(47)

(48)

(49)

70'2)’
Fﬁ.n
Fy”‘,(ﬂf,ll\un) (H idle qj

Considering all the (V1) possible interfer-
ence cases, the PDF and CDF of the SINR of
the UE in SBS # can be given by

fr,,,. (y,u\u,)
[(H (1 1d/e z) H idle _ J
MEP(/\/ \n) ieM keN\-M
Z H E,n 0'2 1)1 n})n n
ieM teMii Pi,n _Pz,n Pi,nj/+Pn (P Vl}/+P," )2
70'27
o P
[q]:\[ idle _q ?J] ’
(50)

=1— Z [(H(l idle 1) H idle _ J
el i

M| oy
n,n Pn,n
' P P + H ])idleiq e :
H( i,n}/+ n,n ) geN'n

ieM

G2

Appendix B

Proof of Proposition 5.2

According to (2) and (30), only the service

rates at the j™ slots for every J, slots are non-

zero. Therefore, the mean of C, , zq (u\ 1, ) is

E[C Z e (W2, k]

n

JiRR (u\u,)]= hm

- JiE[Cn,l(u\un)].

(52)
According to the definition, the variance of
C, jxe (u\u,) is (53) shown in the bottom at
this page.
where
x=j+mJ,m=0,12,--
Denote AC, j.qg (u\u, )[x] =

C, jxe(u\n,) x]—E[Cm1 u\un)]. Because

(54

NIJ,

LIE;ZA C, e (W\1t,)[x]= (55)
1 V%
}EBON ’;) ( Cn,j;RR (ll \u )[x])
(56)

1
= J—nVar(Cn’l(u\u,,))2 ,

then the variance of C, ;zp (u\u,) is (57)

shown in the bottom at this page.

Appendix C

Proof of Proposition 5.3

The PDF of 7, ;. ..x can be found in the work

Var(C, e (u'\u,)) = lim — Z( e (WK = E[C, e (W\11,)])

N—o N

=1imi(@ (€, (0, )F + 3G (a0, )]~ ,,,Rk<u\u>])j

J

Noo N
n

=0

—-1(E
Var(Cw.;RR (u\u,)) = J:’] ( [

:J";lE[Cnl(ll\Mn)]z +LVar(Cnl(u\un))+(J il E[C, (u\u,)T’
J, ’ Jn ’ I
1

:J—Var(c l(u\u ))+ J E[ nl(U\un)]z'

n n

C"’I(U\u")]] + lim — ! %[ C, pe(U\u, )[x]+

(53)

1E[Cn,l(u\u,,)]j

n

(57
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[30]:
/,

. jimax

(ru\u)=P(y,, <7, ;)5%)
+F;/”_7/ (7’“ \un )‘f;/m./ (7’“ \ un )?
(58)
where &(y) is the Dirac delta function, f,, i
the PDF of SINR of UE j in SBS 7 in N-SBS

single user scenarios. £, is the CDF of f, .

Based on the assumption that the channel
conditions of UEs in a same SBS are mutually
independent, ¥, can be derived according to
order statistic [32]:

F:/"f/ (j/’u\un)

= I £, uw\u)=F, (u\u)""

meJ,, m&j
(59)
By substituting f%’/(;/,u\un) and
E, (7,u\u,) in (58) with (26) and (59), the

PDF of , ;. ay can be written as

£ w\u)=P(y,,<7,_,)8()

V. jimax

J, -1
+E, (ul\u, )" f, (yuiuy).

(60)
The mean of C, ..., (u\u, ) is
E[Cn,j;max (u \ un )]

1 +00
:J.O Blog, (I—W)fn., max (Vo0 \©, )y

[ Blog, 0+ 1P(r,, <7, )60y

+ jo Blog,(1+)F, (y.w\u,)"" f, (yr.u\u,)dy

() oo
= JO Blog,(1+ )F, (y,u\u,) " f, (y,u\u,)dy.

(61)
The 3" equality in follows due to the integral
property of the Dirac delta function, i.e., the

+o0
result of _[Blog2 (1+ ;/)P(}/n’j < ;/n’_j)5(7)d7/
0

equals zero by substituting y =0 into
BZng (1+7/)P(7/n,j < yn;j)’
The variance of C, .. (u\u,) is
Var(C, ;... (u\u,))
2 2
=E[Cn,j;max (u\un)]_E[Cn,j;max(u\un)] °
(62)
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