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Abstract: In this paper, a cloud radio access network (C-RAN) is considered where the baseband units
form a pool of computational resource units (RUs) and are separated from the remote radio heads
(RRHs). The RRHs are grouped into clusters based on their capacity in radio RUs. Each RRH serves
different service-classes whose calls have different requirements in terms of radio and computational
RUs and follow a compound Poisson process. This means that calls arrive in batches while each batch
of calls follows a Poisson process. If the RUs’ requirements of an arriving call are met, then the call is
accepted in the serving RRH for an exponentially distributed service time. Otherwise, call blocking
occurs. We initially start our analysis with a single-cluster C-RAN and model it as a multiservice loss
system, prove that the model has a product form solution, and determine time and call congestion
ff,‘,ej;‘tfgs“ probabilities via a convolution algorithm. Furthermore, the previous model is extended to include
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1. Introduction
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and Juan-Carlos Cano Based on the quite recent report of [1], it is estimated to have 4.4 billion fifth-generation
. (5G) subscriptions and a total global mobile data traffic of 288 EB/month by the end of 2027
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be carried by 5G networks, which are also anticipated to cover around 75% of the world’s
Published: 2 March 2022

population in 2027. In such a demanding environment where wireless traffic increases
Publisher’s Note: MDPIstaysneutral ~ and mobile users (MUs) require quite high data rates, extremely low latency and “anytime
with regard to jurisdictional claims in  anywhere” connectivity, a wireless architecture such as the cloud radio access network
published maps and institutional affil- ~ (C-RAN) is regarded as being a quite promising 5G RAN solution [2,3].
fations. The C-RAN architecture aims at warranting quality of service (QoS) to all users based
on the following three components: (a) the remote radio head (RRH), which includes
the antenna together with the radio frequency components and has the duty for the
- signal’s transmission/reception, (b) the baseband units (BBUs), which form a BBU pool
and are responsible for the baseband signal processing, and (c) a high-capacity fronthaul
network, which connects the BBU pool with the RRHs via the common public radio
interface (CPRI) [4-7].

In the recent past, various 5G C-RAN aspects have been studied, including: (a) func-
Attribution (CC BY) license (https:/ / tional splits, dimensioning and capacity issues of the fronthaul network [8-12], (b) privacy
creativecommons.org licenses /by/ and security challenges as well as detailed frameworks for potential security attacks and
10/). threats [13-16], (c) energy and cost saving issues together with energy saving operating
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strategies [3,17-20] and (d) cooperation problems between different mobile network oper-
ators [21,22]. On the other hand, there exists a limited number of papers that investigate
the quite interesting subject of MUs’ call admission control in a 5G C-RAN and focus on
proposing analytical algorithms (based on efficient and usually recursive formulas) for the
computation of call blocking probabilities (CBP) [23-28]. Note that efficient CBP formulas
are desirable by telecom engineers who have the network dimensioning responsibility.

In [23], the RRHs form a single cluster. By the term “single cluster” the authors
of [23] consider the case that the capacity in all RRHs is the same and equal to U radio
resource units (RRUs). New calls arrive in this cluster following a Poisson process (PP)
and constitute a single service-class since they have the same RRU and computational
resource units (CRUs) requirements. Upon the call’s arrival in an RRH, the call has two RU
requirements: (1) a RRU from the RRH that will actually serve the call and (2) a CRU from
the BBU. Call blocking occurs if either the RRU or the CRU is unavailable. Otherwise, the
call is accepted in the serving RRH for a generally distributed service time. The steady-state
probabilities in the model of [23] (named in our paper single-class single-cluster (SC-SC))
possess a product form solution (PFS). Such a solution is desirable to have in Markovian
models since it leads to an accurate CBP determination (e.g., via recursive formulas or
via algorithms based on successive convolutions). In [24,25], the case of overlapping cells
has been included in the model of [23], while in [26] a generalization of [23] is considered
based on the fact that the RRHs may form more than one clusters according to their RRU
capacity. The model of [26] is named in our paper single-class multi-cluster (SC-MC). The
SC-SC model has been also considered as the springboard for the models of [29,30]. In [29],
instead of considering the case of PP traffic, the authors study the case of quasi-random
traffic where a limited number of MUs have the duty to generate traffic. On the other hand,
in [30], the C-RAN handles batches of calls that follow a PP [31,32]. Such an arrival process
is important in traffic engineering since it can describe the case of bursty traffic. We name
the model of [30] compound Poisson SC-SC (c-SC-5C). Finally, the model of [26] (i.e., the
SC-MC model) has been analyzed in [33] under the assumption of quasi-random traffic as
well as in [28] under the assumption of a variety of traffic sources (sources that generate
compound Poisson traffic, Poisson traffic and quasi-random traffic).

The common characteristic of [23-30,33] is that all MUs have the same RU require-
ments. More specifically, they require a single RRU (from the RRH that will serve them)
and a single CRU from the BBU pool. However, in contemporary networks it is essential,
for network planning, to consider a multiservice environment where MUs generate calls
of various resource requirements [34—46]. In [45], we introduced two such multirate loss
models for the C-RAN architecture and named them multi-class single-cluster and multi-
class multi-cluster models (MC-SC and MC-MC, respectively). In [46], we extended both
models by assuming that a finite number of MUs has the responsibility to generate traffic
towards the RRHs. Recently, a new multirate loss model was proposed in [47] with the
aim to recursively compute CBP in a C-RAN that serves Poisson traffic, via the classical
Erlang Multirate Loss Model [48] and the retry loss models [49-51]. Although the model
of [47] is interesting, it treats call blocking events due to lack of RRUs independent from call
blocking events due to lack of CRUs. This assumption implies that the RRHs and the BBU
are treated as two independent loss systems. Because of this, the models of [47] have the
advantage that they simplify the necessary calculations (with the aid of classical recursive
formulas) but may introduce significant error when compared to simulation.

In this paper, we extend the MC-5C and MC-MC models to include the significant (in
terms of network dimensioning) scenario of having RRHs that are responsible for serving
compound Poisson traffic. The idea of studying multiservice batch arrivals relies on the fact
that such arrivals may well approximate the case of multiservice bursty traffic [30,52-58].
The proposed models are named herein compound Poisson multi-class single-cluster
(c-MC-SC) and compound Poisson multi-class multi-cluster (c-MC-MC), respectively. Our
contribution is as follows: (1) we propose the c-MC-5C model and show that it possesses
a PFS, (2) we provide a brute force method as well as a convolution algorithm for the
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computation of various performance measures, including time congestion (TC) and call
congestion (CC) probabilities, (3) we compare the TC probabilities results of the c-MC-SC
model with the c-5C-SC model of [30], (4) we propose the c-MC-MC model and show that it
possesses a PES for the steady-state probability distribution and (5) we provide a brute force
method as well as an algorithm based on successive convolutions for the determination of
TC and CC probabilities.

The remainder of this paper is the following: In Section 2, we propose the c-MC-5C
model. In Section 2.1, we present the PFS of the MC-5C model, while in Sections 2.2 and 2.3,
we propose a brute force method and an algorithm based on successive convolutions for
the TC and CC probabilities computation, respectively. In Section 3, we present an example
where we compare the TC probability results of the proposed c-MC-SC model with those
obtained via the c-SC-SC model of [30]. In Section 4, we propose the c-MC-MC model. In
Section 4.1, we show that the c-MC-MC model possesses a PFS, while in Sections 4.2 and 4.3,
we propose a brute force method and an algorithm based on successive convolutions for
the TC and CC probabilities computation, respectively. Section 5 concludes this paper.

2. The Proposed Compound Poisson MC-SC Model
2.1. The Analytical Model

Consider the C-RAN of Figure 1, where the BBU, consisting of T CRUs, is separated
from the R RRHs. Each RRH has a capacity of U RRUs and serves multiservice traffic. By
the term “multiservice” we mean that incoming calls belong to particular service-classes
based on their requirements in terms of RUs. More specifically, calls that have the same
RUs requirements belong to the same service-class. Based on the abovementioned, a call
that arrives at the r-th RRH (r = 1,. .., R) belongs to one of the S, different service-classes.

Tst RRH o rthRRH | [ R-thRRH
U RRUs U RRUs U RRUs
B /\cP,r’,l/ XV,lr ]"r,/l , 4 ? *® A chP,r,Sw Xr,Syr Hr,s, k\
/ by bia,” 2 Sl \
,, P ‘ ? oz A ' ‘\
I .7 = : &;, AN \
1 v Y | Eﬁ S N \
! .7 o s \
1 7’ o S \
I L’ ~ : AN \

Figure 1. The proposed c-MC-SC model.

New service-class r,s calls (r = 1,...,Rand s = 1,...,S;) arrive at the r-th RRH
as batches via a compound PP having an arrival rate of A;p,s. Let X, be the random
variable that expresses the number of calls contained in a new batch, then P(X; s = x) is
the probability that x calls are included in the new batch. Needless to say that if the value
of x is always equal to 1 call then the PP results. We assume that each of these x calls does
not depend on the remaining calls. This means that depending on the available CRUs and
RRUs, one or more calls (of the same batch) can be accepted for service while the remaining
can be blocked. An arriving call of service-class r, s requires by ; RRUs from the serving
RRH (i.e., the r-th RRH) and b; ; CRUs from the BBU. The call is accepted by the serving
RRH if the necessary RUs are not occupied, i.e., if the r-th RRH has available b; ; RRUs and
the BBU has available b; ; CRUs. When the system accepts the call, it serves it (via the r-th
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RRH) for an exponentially distributed service time with mean y, 4. Assuming that there
are no available RUs (either of radio or computational type), then call blocking occurs.

Let n, s be the in-service calls of service-class s in the r-th RRH. Then, the number of
all in-service calls is expressed by the steady-state vector n = (n1,1,...,11,5,...,11,. ..,
MpS,s--- MR 1, -- -, MR,Sg ). Let O be the system’s state space given by:

S, R S
Oz{nmmza Zmﬂ;gu,EjzmyggT} (1)
s=1

r=1s=1

In order to analyze the proposed c-MC-SC model, we focus on the steady-state of
the model and show that the probability distribution P.p(n) has a PFS. The latter can
be derived based on the fact that local balance does exist between certain levels as the
following analysis shows.

More specifically, for each state n let Ly’s) be the level that separates # from n;}; =

(M1, 1Sy gy s+ 1,00 g, AR, - -, IR 5, ), S€€ Figure 2. To cross this
level it is necessary to have a service-class s batch arrival in the r-th RRH or a service-class
s call departure. The latter takes place when a call completes its service.
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Figure 2. Local balance for the level Lilr’s) of the c-MC-SC model.

We initially examine the case of a batch arrival. Then, the “upward” probability flow

(r)5)

across Ly "’ is given by the following formula:

Ny,s
PP (L)) = 3 Pep(nls ™) AcpsP(Xrs > ), @
w=0
where n,(,;w) = (1’11,1, e NSy M1y Mg — W, Ny S, AR -/nR,SR) and

Pcp(ng,;w)) is the corresponding steady state probability.
Consider now the case of an in-service service-class 7, s call, which completes service.

(1)

Then, the “downward” probability flow across L, " is:

p(dnw)(LS’rs)) = (nps + 1) prsPep(n)f) ©)

Via (2) and (3), we can write the following local balance equation across L,(f’s) for

service-class 7, s calls:

p(uPW)(L,([’S)) — p(dnw)(LT([rS)) or

Z PcP(ng,;w))/\cP,r,sP(Xr,s >w) = (nys + 1)llr,sPcP(n:fs)- 4)
w=0
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Apart from (4), we also examine the corresponding global balance equation:

p(upw)(L( ))—I—p(dnw)(L( )) :p(upw)(L( ))+p(dnw)(L(,)), (5)

My s Nys

(rs)

where L' ¢

is the level that separates n, ; = n; Y from .

The r{iescrlptlon of the four terms of (5) (from left to right) is as follows: (a) the first
term refers to the “upward” probability flow into state n due to an arrival of a batch, (b) the
second term refers to the “downward” probability flow into n due to a call departure,
(c) the third term expresses the “upward” probability flow out of n due to an arrival of a
batch and (d) the last term expresses the “downward” probability flow out of n due to a
departure of a call.

Summing over S, in all RRHs leads to the global balance equation for #:

RS (r.5) () R, o (r,s) (r.5)
Z Z[ (upw +p(dnw)(L )} _ Z Z{p(upw)(L )+p(an)(L )} (6)

r=1s=1 s

Equations (5) and (6) can be satisfied by the PFS:

1

HHPrs Nrs), @)

rls

where N is the normalization constant, N = Y, [T, Hg’zl Py s(nys) and

&, Prs
s ZP (n—x)P(X;s >x—1), forn>1
Pra(n) = =1 " , ®)
1, forn=20
where AcPrs = AcP,r,s / Hrys-

Having calculated P.p(n), we compute the total TC probabilities BIS

totr,s- as follows:

Btotrs = ngs + BITVCSI )

where ngs, BTCs refer to the TC events caused due to the lack of CRUs and RRUs,
respectively.

Based on (7), we determine Bg,t rs €ither via a brute-force method or via an algorithm
based on successive convolutions (see Sections 2.2 and 2.3, respectively).

2.2. The Brute Force Method

Based on (7), the values of BrTrCS can be determined via:
Birs= 3, Pe(n), (10)
neQld<T

where Qu’<T ={ono ol ={n:u-u, < Zs’zl nyyby, < U}, Q5 = {n:

2 1Zy 1 ”xybxy <T- bcs}-
Similarly, the values of BIS, can be obtained via:

BIt,= Y Pop(n), (11)

neQ; T

where Q7T = {n: T -5, < T}, Zy 1 Mxybsy < T} The set Q7 includes two kinds
of blocking states: those that express the CRUs unavailability and those that express both
RRUs and CRUs unavailability.
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Equations (10) and (11) reveal that the determination of BrT,,C’s and Bg%s is complex
since it is mandatory to have enumeration/processing of (2. Thus, we suggest using this

method only for tutorial examples.

2.3. The Proposed Convolution Algorithm for the c-MC-SC Model

This algorithm is based on the model’s PFS and also requires that by ; = b, i.e., the
RRUs requirement, should match the computational one. The following steps describe
the algorithm:

Step 1

In this step, we consider each RRH and compute its occupancy distribution. To this
end, we start by computing the occupancy distribution for each service-class s of the r-th
RRH, g:(j), considering that only service-class s calls exist in the RRH and assuming that
qrs(0) = 1: ‘

N K : .
Grs () = =22 Y rs(j — xbf ) P(Xps > x = 1), (12)
x=1
where i = j/bj ; expresses the service-class s calls in the r-th RRH and j € {ibj, : i =
0,...,[U/bj ]} expresses the corresponding occupied RRUs.

Next, we compute the aggregated occupancy distribution, g,, of the r-th RRH, by

successive convolution of all gy :

Gr =qr1* ... %qrs*... %Gy, (13)

where the convolution operation between g, x = g, and g, = q; defined on the domain
{0,...,U} is given by:

1 u
Ga*qp = {qa(O) -q3(0), Zoqa(X) qp(1—x),..., ;)qa(X) (U — X)} (14)

Finally, the normalized occupancy distribution of the r-th RRH, g}, is calculated via

91(j) = 4-(j)/ Ny where N, = YL 4, (j).

Step 2

Herein, we focus on the R RRHs, excluding the r-th one, and determine the corre-
sponding aggregated occupancy distribution, via:

Qep,(—r) = q1%- - *0p_1 %y 1% . %R (15)

The convolution operation between g} = g, and q), = g, applied on the domain
{0,..., T} is given by (14).

Step 3

Based on the previous two steps we now consider the (convolution) operation
(Qcp,(—1) *41)(j) on the domain j € {0,...,T}. This operation results in the unnormal-
ized values of the CRUs occupancy distribution Q.p(j), which can be normalized via the
constant N, = Z'T:o Qcp(j), resulting in:

QQP(]) _ QCP(]) . (16)

To obtain Q/;, (), we can focus on any of the R RRHs since the convolution operation
is commutative and associative.
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We continue by computing the TC probabilities due to lack of CRUs (see (17)) and

RRUs (see (18)):
T
Birs= ) Q) (17)
J=T—bSs+1
1 u T—b;/s
B;l:rc,s = N* 2 q:‘(x) 2 QcP,(—r)(T - b?,s - y) (18)
cP x=U—-0b} s+1 y=x

The values of CC probabilities for service-class 7, s calls, BSSC, can be calculated via:

XcPrs Xys — flrs

Bis = , (19)

XcPrs Xr,s

where X s is the average size of new batches of service class s that arrive at the r-th RRH
givenby X, s = Yoo xP(X; s = x), while i, s refers to the mean number of service-class s
calls serviced in the r-th RRH and can be calculated via:

i 1
firs =~ 3 Yrs(Dar(7) Y Qep, =) (1), (20)
Ne 5 1=0

where v, s(j) expresses the average number of service-class s calls in state j of the r-th RRH
computed via:

[j/ ]
. o r,S 1 . T
Yrs(j) = —ST28 N gl (j— 6L )P(Xys > 1 —1). (21)
ar(j) =1

Regarding the distribution of the batch size, an important distribution is the geomet-
ric [32]. For that particular case, we have P(X,s > x) = B;; and Xps=(1— [3,,5)’1, where
Brs is the distribution’s parameter.

3. Evaluation

In this section, we present a C-RAN example and provide analytical TC probabilities
results in the case of the proposed ¢-MC-SC model and the existing ¢-SC-SC model of [30].

We consider R = 6 RRHs of capacity U = 10 RRUs and let T = 30 CRUs. The r-th
RRH serves calls from S, service-classes and let b, s = b} = b; ;. More specifically, let
S1 = 3 be the service-classes of the 1st RRH and assume that b;; = 1 RU, by, = 2 RUs
and by 3 = 3 RUs. On the same hand, let Sy = 2 be the service-classes of the 2nd RRH and
consider that bp; = 2 RUs and b, = 3 RUs. Similarly, let S3 = S4 = 2and S5 = 56 = 1
be the service-classes of the 3rd, the 4th, the 5th and the 6th RRH. The corresponding RU
values are the following: b3y = 1 RU, b3, =3 RUs, by; = 1 RU, by = 2 RUs, bs; = 2 RUs
and bg; = 1 RU. Table 1 summarizes the C-RAN setup configuration.

Table 1. The setup of the C-RAN example.

R =6RRH; U =10RRUs; T = 30CRUs.

r-th RRH (S,) 1st (3) 2nd (2) 3rd (2) 4th (2) 5th (1) 6th (1)
service-class, s 1 2 3 1 2 1 2 1 2 1 1
band requirements (RUs), b, s 1 2 3 2 3 1 3 1 2 2 1

Regarding the batch size, we consider that it follows the geometric distribution having
a parameter of B,; = 0.2 for each service-classsinall RRHs (r = 1,...,6,5s = 1,...,5;).
This means that, on average, an incoming batch contains X, = (1 — ,Brls)’1 = 1.25 calls.

The system serves a call for an exponentially distributed service time with parameter
Urs = 1. Let the arrival rate of batches be A.p, s = 1 and therefore ap,s = Acpr s/ trs = 1.
We shall refer to acp ;s as the incoming traffic-load. We evaluate the network of our example
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considering TC probabilities for a total of 31 steps, where the arrival rate of the batches,
Acp s, 18 increased in each step by 0.2. The results of all steps are presented in Figures 3-9,
where the x-axis refers to the step number. Thus, at point 31 the value of acp , s is 7.0 for all
incoming batches in all RRH.

In the case of the single service c-SC-SC model, it is necessary to determine the quantity
acp for every RRH. Because of this, we define a load factor I, (r = 1,...,6), expressed
vial, = Zf;l by s where S, and b, s are the corresponding c-MC-SC values. Note that the
initial values of a.p, are equal to the corresponding value of I, i.e.,: (&cp1, &cp2, XcP 3, Xcp 4,
aeps5,0pe) = (6,5,4,3,2,1). As in the case of the c-MC-SC model, 31 steps are considered,
where in each step a.p , increases by 0.2/,.

095 FT-T-FFF T T-F-FF T T-FFF T T--FFFTT-T--FF 1T
0.90 —
085 [—
0.80 [—
0.75 [~
0.70 [—
0.65 [—
0.60 [—
055 [—
050 —
045 —
040 —

035 [—

TC probabilities (BIS,, BI®)

030 [—

025 (—

020 |«
7 A . TC  pTC pTC  (cMCSC. b —
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0.10 TC pTC pTC  gIC _
Bei1 B3 Begn Bogn (@MCSCb=1)
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Steps, indicating the a.p value

Figure 3. TC probabilities, BCT,SS, for all services-classes in all RRH (c-MC-SC vs. ¢-SC-SC).

In Figure 3, we present the TC probabilities results (BLS,), due to a lack of CRUs, of
the c-MC-SC model and the corresponding results (BJ<) of [30]. Based on Figure 3, we
conclude that: (a) the increase in incoming traffic-load increases TC probabilities and (c) the
¢-SC-SC model cannot provide TC probabilities close to the proposed model since the
former refers to a single service model.

In Figures 4-6, the 1st (see Figure 4), the 2nd (see Figure 5) and the 3rd RRH (see
Figure 6) are presented. More specifically, in Figure 4, we present the TC probabilities
results of BrTES for the proposed model and the model of [30]. In the case of [30], points 1
and 31 in the x-axis of Figure 4 refer to a.p; = 6 and a.p; = 42, respectively. Similarly, in
Figure 5, we present the TC probabilities results of BrT, g’s for the proposed model and the
model of [30]. In the case of [30], points 1 and 31 in the x-axis of Figure 5 refer to a.pp =5
and a.pp = 35, respectively. Finally, in Figure 6, we present the TC probabilities results
of B;rg,s for the proposed model and the model of [30]. In the case of [30], points 1 and
31 in the x-axis of Figure 6 refer to acp3 = 4 and ap3 = 28, respectively. According to
Figures 4-6, we observe that: (a) the TC probabilities of the c-SC-SC model cannot provide
TC probabilities close to the proposed model and (c) the TC probabilities increase and then
start to decrease as the incoming traffic-load increases. This behavior can be justified with
the aid of Figure 3. According to Figure 3, the TC probabilities (due to the unavailability
of CRUs) increase as the incoming traffic-load increases, and therefore, it is expected to
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have more RRUs available for new calls. The latter explains the TC probabilities decrease

in Figure 6.
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Figure 6. TC probabilities, B;Fg/s (s = 1,2), for all service-classes in the 3rd RRH (c-MC-SC vs.
¢-SC-SC).

In Figures 7-9, we consider again the 1st (see Figure 7), the 2nd (see Figure 8) and
the 3rd RRH (see Figure 9) and present the corresponding total TC probabilities (calcu-
lated according to , (17), (18) and (30)). Based on Figures 7-9, we conclude that: (a) the
increase in the incoming traffic-load leads to an increase in the total TC probabilities and
() the existing single service model cannot provide TC probabilities close to the proposed
multiservice model.
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Figure 7. Total TC probabilities, B;{Sl . (8=12,3), for all service-classes in the 1st RRH (c-MC-SC vs.
¢-SC-SC).
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Figure 9. Total TC probabilities, BE)%,S (s = 1,2), for all service-classes in the 3rd RRH (c-MC-SC vs.
¢-SC-SC).

4. The Proposed Generalized c-MC-MC Model

The generalized c-MC-MC model extends the proposed c-MC-SC model by consider-
ing the option that RRHs can form more than one cluster, where a cluster contains RRHs of
the same capacity. Because of this, the generalized model supports RRHs of different RRU

capacities.
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4.1. The Analytical Model

Figure 10 presents the network under consideration. Based on Figure 10, we see the V
different clusters of RRHs, which are separated from the T CRUs. Clusterv (v =1,...,V)
includes R, RRHs of capacity U, RRUs.

BBU
T CRUs
Cluster 1 Cluster v Cluster V
| Rl i == - DR ER MR WM R EE N\ N R -
i[ 1-st Rith |1 i[ 1wt r-th Ro-th |* i] I-st  Ry-th :
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Figure 10. The extended proposed c-MC-MC model.

Considering cluster v, the r-th RRH (r = 1,..., Ry) has the responsibility to serve
compound Poisson traffic from S, service-classes. A batch of service-classs (s =1,...,5,,)
calls arrives at the v, r-th RRH with an arrival rate of Acp,,,s. Let X5 be the random
variable that expresses the batch size, then P(X, s = x) is the probability that x calls are
included in a batch. Each of the x calls does not depend on the remaining calls. Because of
this and based on the availability of RRUs and CRUs, some calls can be accepted for service
and the remaining calls (of the same batch) can be blocked and lost. A call of service-class s
of the v, r-th RRH requests by, , ; RRUs together with by , . CRUs. An accepted call remains
in the v, r-th RRH for an exponentially distributed service time with mean y, ! if the
occupied RRUs in the v, r-th RRH are not greater than U, — b}, , ; and the occupied CRUs
are not greater than T — b5 , ;. Otherwise, call blocking occurs.

Let 15,5 > 0 be the calls of service-class s (s = 1,...,5y,) in the v, r-th RRH. Then,
the corresponding vector for all RRHs is n = (n171,... MU s Mop s Rors, ey
Mo Sypr s MV Ry s+ s ”V,RV,SV,RV) and ) can be given by: /

Sor Ry Sor
Q= {n ‘Nyrs >0, Z nv,r,sb;,r,s < Uy, Z Z 2 nvrsbvrs < T} (22)
s=1

v=1r=1s=

The analysis of the extended c-MC-MC model follows the same pattern as the c-MC-SC
model. That is, we show that a form of local flow balance exists in the model that leads to a
PES for the probability distribution Pp(n).

More specifically, for state n we denote the level L,
n;:rrs = (711,1,1, ey nlfl/sl,l’ ey nv,r,l/ e Nors + 1, ey Tlv,rlsv’r, ey HV,val, ey nV,RV/SV,RV )
To cross this level it is necessary to have a service-class s batch arrival in the v, r-th RRH or a
service-class s call departure. The latter takes place when a call completes its service in the

(o) , which separates n from
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v, r-th RRH. Consider initially the case of a batch arrival. Then, the “upward” probability

s)

v1,8) .
flow across Lg, is expressed by:

Ny,rs
upw) vrs
P( P Z Pep( nvrs Acp v,r,sP(Xv,r,s > w), (23)
h A _
where Nyrs — M-+ 1’11,1151,1, e Nyl Nors w,..., nUﬂ’,Sv,r’ < MY Ry see s

V,Ry,Svk, ) and Pcp(nz(,;fg)) is the corresponding steady state probability.
Consider now the service completion of a call of service-class s in the v, -th RRH. In

that case, the “downward” probability flow across L(v ") js:
P (L)) = (1,15 + 1) o s Pep (1 o) (24)

Via (23) and (24), we obtain the local balance equation across L(v ),

p(upw)(Li(fﬂ’rS)) — p(dnw)(levz"/s)) or

Ny,r,s

Z PcP nv 7, s Acp v,r,sP(Xv,r,s > w) = (nv,r,s + 1)ﬂv,r,sPcP (anJr,r,s)' (25)

Apart from (25), we also consider (26), which expresses the global balance equation
for n and service-class v, 7, s:

P (L) plO) (L47)) = pop (L)) 4 plam) (L), (26)

Nyr,s Nyr,s

(-1

wheren,, s =ny,; .
Summing over all S, in all RRHs leads to the global balance equation for state #:

V. Ry Sor (upw) L(v 7,5) (dnw) L(v,r,s) - Ry Jus (upw) L(v,r,s) (dnw) L(v,r,s) 27
L 3 1 [P @+ p e [ = 1 3 3 [p e )+ pten )] @)
v=1r=1s=1 v=1r=1s=1 e

Equations (26) and (27) can be satisfied by the PFS:
Ry Sv r
HHHPvrs Nors), (28)
v 1r=1s=

where N =Y, cq Hz‘j:ln HSW Py,ys(no,r,s) and

n
&ePo,r,s
—Cals P, n—x)P(X >x—1), n>1
P u,1,8 (”) = " xgl o ( ) ( o ) ’ (29)
1, n=20

where XcPors — AcP,v,r,s / Hors.
Having computed Pp(#n), we calculate the service-class s TC probabilities in the v, r-th
RRH: (a) due to the unavailability of RRUs, B, Sr s and (b) due to the unavailability of CRUs,

ngr s- Additionally, the total TC probabilities, Biot,v,r,s, according to the following formula:

TC TC
BtOtUTS BC01’S+BI'UT’S’ (30)
The values of B;{EU ».s are obtained either via a brute force method (that can be adopted
for small (tutorial) examples) or via an algorithm based on successive convolutions de-
scribed in the next two subsections.
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4.2. The Brute Force Method

The values of BrTgr s are given by:
T
Brgrs = Z PCP(n)/ (31)
neQlfo=<T
vr T — v — SUV

where QZLJIrs< = {Qszlrstzf;Ts} ers = {Tl ber < Z ”vrzbvrz < uv}/

Qs ={n:¥2/, Z ) ZS” Mayzbsy. < T — bgms}. Note that the set QY= includes
only the blocking states that express the lack of RRUs.

On the same hand, by denoting Qv ps = An:T =05, < Z -1 ZI;Y 1 ZZ 11Mxy,2b%y 2

< T}, the set of blocking states that express the lack of CRUs together with the blocking

states that express both insufficient RRUs and CRUs, we compute the TC probability of
service-class v, 1, s calls due to lack of CRUs via:

cvrs: Z PCP (32)

ne Qv,r,s

To circumvent the mandatory enumeration/processing of 2, the following convolu-
tion algorithm can be adopted.

4.3. The Proposed Convolution Algorithm for the c-MC-MC Model

To apply the convolution algorithm, we assume that b;,, . = b5, ;. The algorithm
consists of the following steps:

Step 1

We start by determining the occupancy distribution for each service-class s in the
v,r-thRRH (s =1,...,Sy,,r=1,...,Rp,v=1,...,V), qurs(j), under the assumption that
the v, r-th RRH services only service-class s and qvlr,s( )=1:

QU,rs . = CPUYS Z%]rs( Xb;rs)P(Xv,r,s>x*1) (33)

where i = j/b},, ; expresses the calls of service-class s in the v,7-th RRH and j € {ib}, :
i=0,...,|U/ bw,sj } the corresponding occupied RRUs.

Having computed q;, , (j), we continue with the computation of, g, ,, by successive
convolution of all gy rs, 5 =1,..., Sy

Jour = Gorl* - - *qors* ... *Jors,,, (34)

where the operation between g, x = g, and g,y = g applied on the domain {0,..., Uy}
is given by (14).

The values of g, ,(j) are normalized with the constant N, ,= Zju:”O Jo,(j) and are de-
noted via 5, ,(f) = o (j)/ No,r-

Step 2
Herein, we determine the occupancy distribution of all RRHs excluding the v, r-th one,
as follows:
Qe (= (o)) = G11%+ - - *or—1 %0 11 % - ¥V R, - (35)
The operation between g, , = g, and q’y’w = qp is given by (14) applied on the domain

{0,...,T}.
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Step 3

In this step, we determine (Qp,(—(11)) * 411)(j) on the domain {0,..., T}. This op-
eration leads to the values of the computational occupancy distribution Q.p(j), which is
normalized via N, = Z]'T:o Qcr(j):

I () — QCP(]) 36
Qeeli) = = (36)

To determine Q/;(j), we may focus on any of the v, RRHs since the convolution
operation is commutative and associative.

Based on (36), we compute the TC probabilities due to the unavailability of CRUs (see
(37)) and RRUs (see (38)):

T
B cl;,s,r,s = Z QéP (] )/ (3 7)
]':beg,r,s‘i’l
1 U, Tﬁbg,r,s
BES,T,S = N* Z q;),r(x) Z QCP,(*(?},}’)) (T - b;,r,s - ]/) (38)
cP x:uv_b;),r,s""l y=x

The values of CC probabilities for the service-class v, r,s calls, Bg%s, can be calcu-
lated via: B
BCC _ acpp,r,sXors — flors (39)
ur,s X ’
XcP,v,r,s 0,18

where X, s refers to the average size of service-class s batches that arrive at the v, r-th RRH
and can be computed via X, s = Y5 1 xP(Xy,s = x), while 7, s is the mean number of
service-class s calls in the v, r-th RRH and can be calculated via:

(IO =
Mo,rs = N* Zyv,r,S(])q;,r(]) Z QCP,(f(v,r))(l)/ (40)
P j=1 i=0

where v, ,,, k(j) is the average number of service-class s calls of the v, 7-th RRH in state j and
can be obtained via:

L/ bos

N XcP,o,r,s
D=6 &

J
qg},r(]. - lb;,r,s)P(Xv,r,s >1— 1)- (41)

5. Conclusions

Two new loss models that consider multirate traffic are proposed in this paper, namely
the c-MC-5C and the c-MC-MC models, in order to analyze a C-RAN that accommodates
different service-classes whose calls arrive in the system via a compound PP. The first model
considers the case of RRHs that form a single cluster, while the second model considers
the more general case of having many clusters of RRHs. We proved that the steady-state
probabilities possess a PFS for both loss models, and additionally, we proposed algorithms
based on successive convolutions for the efficient and accurate computation of TC and
CC probabilities.

As future work, we intend to include in these models the important cases of elastic and
adaptive service-classes. The main characteristic of such service-classes is the fact that the
bandwidth (resource units) occupied by in-service calls is not constant but may fluctuate
between a maximum and a minimum value [59-61]. Because of this, the steady-state
distribution cannot be described by a PFS [62], a fact that may require additional changes
in our convolution algorithms.
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