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Abstract—In this letter, we introduce the concept of cloud empowered heterogeneous networks. We propose a simple yet efficient association mechanism for the selection of a serving remote
radio head (RRH) for a desired mobile user (MU). We introduce
the concept of user centric clustering which improves the user
throughput by contributing on several fronts. Employing well
established tools from stochastic geometry, we characterize the
downlink coverage probability for the MU. The coverage probability is in turn employed to characterize the attainable throughput
at a certain desired reliability constraint. Simulation results are
presented to indicate the gains experienced by employing additional tiers in a cloud radio access network(C-RAN). Such gains
are attributed to the distributed diversity which provides a power
gain and hence increases the effective received SNR.
Index Terms—Cloud radio access networks, heterogeneous network, coverage, throughput, Poisson process.

I. I NTRODUCTION

C

LOUD radio access networks (C-RANs) are envisioned
to provide a new path-way towards the deployment of
small cellular networks [1]. A C-RAN architecture decouples
the baseband processing unit (BBU) from the remote radio head
(RRH). RRHs are connected to the cloud BBU pool via a flexible front-haul which is usually a fiber optic cable. It has been
shown that such a flexible architecture: (i) reduces the capital
and operational expenditure; (ii) provides huge energy saving
(due to centralized air-conditioning, etc.) and (iii) provisions
implementation of sophisticated coordination mechanisms for
reducing the co-channel interference (e.g., like using coordinated multipoint (CoMP) transmission, interference alignment
etc.) [2]. Because of the centralized processing, the interference
management techniques in a C-RAN are virtually overheadfree [2] when compared to the traditional small cellular network
where control, coordination and synchronization overheads are
significant.
The above-mentioned advantages of a C-RAN have recently
triggered significant interest in both industry [1], [3], [4] and
academia [2], [6]–[8] to investigate the design space of C-RAN
based small cellular networks. Since most of these develop-
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ments are very recent much of the design space remains an
uncharted territory.
In this article, we take a step further and propose the CRAN enabled small cellular heterogeneous network (HetNet).
The heterogeneity in terms of cell types and RRHs will allow
the operator to further increase the data rate. The added benefit
of C-RAN is that due to centralized processing the co-channel
interference can be effectively eliminated. To the best of our
knowledge, cloud HetNets have not been explored in the past.
Hence in this article, we take a first step towards characterizing the coverage and the attainable downlink throughput for
an arbitrary MU in a heterogeneous C-RAN. We model the
heterogeneous C-RAN as a K-tier network with different RRH
densities and transmit powers employed at each tier.
II. C ONTRIBUTIONS AND O RGANIZATION
The contribution of this article is twofold:
1) First, we introduce a user centric RRH clustering mechanism and propose a simple association mechanism for the
MU in a K-tier C-RAN (see Section IV). We then characterize the coverage probability of an arbitrary MU at a
desired signal-to-noise ratio (SNR) threshold. Our analysis accounts for both the channel and the spatial variations
(see Section III) present in the downlink of a C-RAN.
2) Second, the developed analytical framework is utilized
to derive an upper-bound on the attainable bits/s/Hz performance of a K−tier network under a certain reliability
constraint (see Section V). The reliability constraint and
the SNR threshold can be considered as a proxy for
the MU’s desired quality of service (QoS). Lastly, we
investigate the attainable throughput gains which can be
realized by deploying additional tiers with the decreasing
transmit power.
A. Notation
Throughout the paper, a particular realization of a random
variable Z is denoted by a corresponding lower-case letter z and
its corresponding probability density function (PDF) is denoted
by fZ (.). The boldface lower-case letter (e.g., x) is employed to
denote a vector in R2 . For sake of compactness, we employ x to
refer to the vector itself and its location as well. The symbol \
denotes the set subtraction and x denotes the Euclidean norm
of the vector x. The symbol b(x, r) denotes a ball of radius
r centered at point x. The symbol ∈ denotes set membership
and Π is generally employed to denote the point process. The
point process is also used as a counting measure by using the
notation Π(A) which returns the number of points in Π which
lie inside A ∈ R2 . The symbol Z ∼ CN (a, b) is used to denote
a complex normal random variable with mean a and variance
b. Finally, Z ∼ E(μ) is used to denote an exponential random
variable with mean μ.
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III. N ETWORK M ODEL
A. Spatial Model for HetNet RRHs
We consider a K-tier C-RAN HetNet such that the first
tier is formed by the macro cellular BS. The subsequent
K − 1 tiers correspond to small cellular RRHs, such as
femto and pico cellular networks. We assume that all tiers
are connected to a cloud data center which hosts the BBU
pool. The spatial configuration of the RRHs in the kth tier is
modeled using a homogeneous Poisson point process (HPPP),
Πk , with intensity λk for k ∈ K. Specifically, at an arbitrary
time instant the probability of finding nk ∈ N RRHs inside
a typical area foot-print A ⊆ R2 follows the Poisson law
with mean measure Λk (A) = λk v2 (A). The mean measure
is characterized by both the average number of kth-tier
RRHs per
 unit area (i.e., λk ) and the Lebesgue measure [8]
v2 (A) = A dx on R2 , where if A is a disc of radius r then
v2 (A) = πr2 is the area of the disc. Given nk ∈ N, the RRHs
are uniformly distributed in A ⊆ R2 . Notice that effectively
K-tier C-RAN HetNet is formed by K independent and
identically distributed (i.i.d.) HPPPs, i.e., Π = ∪K
k=1 Πk which
follows from the superposition theorem for HPPPs
(see [8]).
B. User Centric Clustering and Frequency Allocation
Without loss of generality, we focus on an arbitrary MU u
located at the origin. We assume that the cloud data center performs user centric clustering, i.e., an arbitrary user is served by
the HetNet RRHs which lie within a cluster of radius Rc . Notice
that such user centric clustering is beneficial on several fronts:
1) It allows the C-RAN data center to control the maximum
number of activated RRHs and hence the total amount
of energy spent on serving the user. It also allows sleep
scheduling of both the RRH and BBUs, as they are only
activated on a demand basis;
2) Limiting RRH selection within a disc of radius Rc also
allows the C-RAN to control the worst case attenuation
due to path-loss. Given a typical user’s QoS requirement,
C-RAN can employ a self-organization mechanism to
dimension the cluster radius in an optimal manner;
3) In a saturated network, where multiple users are served
in each macrocell at the same time, it allows aggressive frequency reuse by allowing inherent interference
protection. C-RAN ensures that the clusters do not
spatially overlap, hence introducing a guard zone for
each user.
In this paper, we assume that the C-RAN partitions the available
bandwidth into sub-channels. Each cluster is assigned one
of these sub-channels. Furthermore, we assume that the subchannel allocation can be done in an interference free manner.

IV. C OVERAGE A NALYSIS FOR K-T IER
C-RAN D OWNLINK
A. RRH Selection and Signal Model
In this article, we consider a scenario where the MU is
associated with the RRH which maximizes its received SNR.
More specifically, we consider that as a first step, the MU
shortlists the best RRH in each of the K-tiers. Out of these
K-best RRHs, the one which will result in the best received
SNR is scheduled to serve the user. The proposed association
mechanism can be implemented as follows:
• Step 1: The macro BS which is closest to the user u,
transmits a pilot to the user u.
• Step 2: The MU u simply retransmits the pilot signal.
• Step 3: Each RRH inside the user cluster b(u, Rc ) estimates the channel gain between the MU and itself. Here
Rc denotes the cluster radius.
• Step 4: These channel gains are reported to the data
center which schedules the data transmission on the BBU
corresponding to the best RRH.
Under the proposed association scheme, the received signal at
the MU u can be written as

⎛
⎞



{rx}
su
=  max Pi ζi ⎝Πi ∩ b(u, Rc )⎠su + wu
(1)

i=1...K
Si

where ζi (Si ) = maxj∈Si hj,i li (rj ) is the channel gain between the serving RRH and the MU, su ∼ CN (0, 1) is the
transmitted data signal and wu ∼ CN (0, σ 2 ) is the additive
white Gaussian noise (AWGN) at the receiver front end. From
(1) the received SNR can be computed as follows
maxi=1...K Pi ζi (Si )
.
σ2

SNR = Γu =

(2)

B. Coverage Probability for the MU
Proposition 1: The CDF of the channel gain between
the best RRH in the ith-tier and the MU, ζi (Si ) =
maxj∈Si hj,i li (rj ) is given by
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(3)

b
where γl (a, b) = o ta−1 exp(−t)dt is the lower incomplete
Gamma function and δi = 2/αi is the path-loss dependent
constant.
Proof: Consider the marked Poisson point process [8]
Π̄i (z) which is constructed from the HPPP Πi as follows
Π̄i (z) = {[y, hy,i , 1lz (hy,i li (y))] : ∀y ∈ Πi } .

C. Channel Model
The channel between a kth-tier C-RAN RRH xj ∈ Πk and
the MU u is modeled by Hj,k lk (xj ). Here Hj,k ∼ E(1) is
a unit mean exponential random variable which captures the
impact of Rayleigh fading channel between an RRH and MU.
The small-scale Rayleigh fading is complemented by a largescale path-loss modeled by lk (xj ) = Gk max(ro , xj )−αk .
Here ro is the reference distance; xj  is distance between the
RRH and the MU; Gk is a frequency dependent constant and
αk ≥ 2 is an environment/terrain dependent path-loss exponent
for for the kth-tier. The fading channel gains are assumed to be
mutually independent and identically distributed (i.i.d.).



(4)

In other words, each point in Πi is assigned a mark hy,i ∼
E(1) which captures the small-scale Rayleigh fading channel
between the RRH and the MU. Notice that these marks are i.i.d.
and do not depend on the location or the tier index. Furthermore, each point is assigned an additional indicator/Bernoulli
mark 1lz (hy,i li (y)) which can be defined as
 1 if h l (y) ≥ z
1lz (hy,i li (y)) =

y,i i

0

otherwise.

(5)

Notice that these indicator random variables are dependent
upon both the fading and the distance between the MU and the
RRH. Effectively, the marked Poisson process Π̄i (z) represents
all RRHs whose composite fading and path-loss propagation
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gain exceeds certain desired value z. Consequently, the relationship between void probability of the Π̄i (z) and CDF of ζi (Si )
can be established as follows


Fζi (z) = Pr{ζi ≤ z} = Pr

Π̄i (z) = ∅ ,

= exp (−Λi (b(o, Rc ), z))

(6)

where Λi (A, z) is the mean measure of the Π̄i (z) over an
area A ∈ R2 . Employing the theory of a marked Poisson point
process from [8], the mean measure Λi (b(o, Rc ), z) can be
computed as follows
Λi (b(o, Rc ), z)

∞ 

=

∞Rc

λi (x, h)dxdh =

⎡

0 b(o,Rc )

2πλi r1lz(hli (r))fH(h)dhdr,
0

⎤

0

(7)

B1

The integral in B1 can be evaluated by substituting u =
(z/Gi )rαi as follows
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where (a) follows from the definition of lower incomplete
b
Gamma function i.e., γl (a, b) = o ta−1 exp(−t)dt; and δi =
2/αi is a path-loss dependent constant. Substituting B1 into (7)
and then employing (6) concludes the proof.

Proposition 2: The probability that the MU can be covered
by the scheduled RRH at a certain desired SNR threshold γth
under the proposed RRH selection scheme can be quantified as
K



αi 

Pcov = Pr{Γu ≥ γth } = 1−

exp −λi π ro2 exp −

i=1
δ

 

−δi
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γl δi ,

α
γ̃th Rc i

P̃i



γ̃th ro
P̃i
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,

(9)

2

where γ̃th = γth σ can be considered as the normalized SNR
threshold with respect to the received SNR in the absence of
fading and path-loss when unit transmit power is employed,
P̃i = Pi Gi is the total received power considering the frequency and antenna dependent gain Gi and δi = 2/αi is the
path-loss dependent constant.
Proof: The probability of coverage can be evaluated as
follows


Pcov = 1 − Pr
=1 −

K


max Pi ζi (Si ) ≤ γ̃th
i=1...K



Pr
i=1



γ̃th
ζi <
Pi

Fζ

,

V. U PPER -B OUND ON THE O UTAGE C APACITY
OF K-T IER C-RAN
Employing the analytical machinery developed in the previous section, in this section our main objective is to characterize
the bits/s/Hz performance of a K-tier C-RAN under a certain
desired reliability constraint (ρ). To this end, the ρ-outage
capacity of the C-RAN downlink is defined as


C
Cρ = sup Co : Pout (Co ) = Pr{Γu ≤ 2

(10)

th
Pi

where Fζi (x) is the CDF of the random variable ζi (S) derived
in Proposition 1.

Remarks:
1) From (9), it follows that the downlink coverage probability is an increasing function of K, i.e., the number of tiers.
Notice that the product term decreases with an increasing
number of terms. Intuitively, the number of tiers and
the density of RRHs determine the distributed diversity
gain exercised by an MU by performing the best RRH

o

− 1} ≤ ρ

.

(11)

In other words, Cρ is maximum supportable rate for the downlink such that the outage probability for an MU remains below
a pre-specified threshold ρ.
Proposition 3: The ρ-outage capacity of the MU in a K-tier
C-RAN when all tiers suffer from small scale Rayleigh fading
and large scale path-loss with the same path-loss exponent (α)
can be upper-bounded as

1 "
!K
πΓ(δ+1)

Cρ ≤ log2 1+

i=1

λi P̃iδ

δ

(bits/s/Hz).

1

(12)

σ 2 ln(ρ−1 ) δ

Proof: From (9)

Pout (Co ) = 1 − Pcov |γ

.
C
th =2 o −1

(13)

To evaluate Cρ , (9) needs to be inverted for Co . In general,
inverting (9) is complicated. However the closed form inversion
is possible for an upper-bound when the path-loss exponent for
all tiers is equal, i.e., αi = α as follows
K
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From (13) the outage probability is given as
# K
$
 C

δ
2 −δ
Pout (Co ) ≤ exp −



 γ̃ 
i

selection. Increasing either will improve the coverage
probability. However, increasing the number of tiers or
RRH density will also increase the energy consumption.
2) It is easy to notice that the coverage probability is an
increasing function of the cluster radius. This follows
from the fact that increasing the cluster radius also increases the effective density of the RRHs which can
be selected to serve the user. However like traditional
diversity schemes the gains will become marginal after
a certain value of Rc . In fact, it can be shown that as
Rc becomes large enough the coverage probability saturates and becomes
independent
of Rc (this follows from


α
γ̃th Rc i
→ Γ(δi )).
limRc →∞ γl δi , P̃
i

⎢
⎥
Rc
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(15)

i=1

Bounding (15) above by the reliability constraint ρ and inverting the equation for Co concludes the proof.

Remarks:
1) From Proposition 3, it follows that Cρ increases with an
increase in the number of tiers. Effectively, increasing the
number of tiers provides the power gain as expected due
to distributed diversity.
2) Another interesting observation which follows from (12)
is that the number of bits (reliability transmitted) in a
unit time over one hertz of bandwidth can be improved
by increasing either the transmit power of a tier or the
density of RRHs in that tier.
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Fig. 1. Coverage probability for a K-tier C-RAN against varying desired
SNR threshold with λ1 = 10−3 , η = 4, σ 2 = −20 dBm, P = 20 dBm,
β = 10−1 , ro = 0.1 and Rcl = 10. (a) Solid and dashed lines correspond
to the analytical results obtained from Eq. (9). Monte Carlo simulation results
are indicated by red “×” markers. (b) Solid and dashed lines correspond to the
analytical results obtained from Eq. (9) for α = 5. Results obtained from the
upper-bound in Eq. (1b) are indicated by red “•” markers.

VI. R ESULTS AND D ISCUSSION
A. Validation of Analytical Results
Fig. 1(a) depicts the downlink coverage probability for an
MU as a function of its desired SNR threshold for various
values of K. Solid and dashed lines represent the analytical
results obtained from (9) for fixed path-loss exponents, i.e.,
α = 5 and 4 respectively. Monte Carlo simulation results are indicated by “×” markers and were performed by generating 104
realizations for both Π = ∪K
k=1 Πk and the fading-channel gains
for each SNR threshold (γth ). Without any loss of generality,
the density of RRHs in the kth tier is expressed in terms of
baseline density λ1 as λk = η k λ1 where η ≥ 1. In other words,
each subsequent tier is assumed to be denser than its parent
tier. Similarly, it is assumed that each tier employs decreasing
transmit power which can be expressed in terms of baseline
transmit power as Pk = β k P where β ≤ 1.1 As indicated by
Fig. 1(a), analytical results are in good agreement with the
Monte Carlo simulation results.
Fig. 1(b) compares the coverage probability from (9) against
the upper-bound derived in (14) for varying SNR threshold,
path-loss exponent and number of tiers. As illustrated by
Fig. 1(b), the derived upper-bound is sufficiently tight and thus
can be employed to further obtain tight bounds on outage capacity as in (12). It is obvious from Fig. 1 that the coverage probability decreases with an increase in the desired SNR threshold.
Moreover, when the macro network is complemented by the
deployment of cloud coordinated femto, pico, nano RRHs,
the MU coverage probability can be significantly improved by
employing the proposed user centric clustering mechanism.
B. Impact of Parametric Variations on Outage Capacity
Due to the space limitations, in this article, we only highlight
the impact of important parametric variations on the downlink
performance of a K-tier C-RAN. Fig. 2(a) plots the attainable
outage capacity (Cρ bits/s/Hz) for a fixed desired threshold
ρ = 0.1 against the varying baseline RRH density (λ1 ). It
is observed that with the dense tiered deployment where the
transmit power of each subsequent tier is reduced by the factor
of 10−1 , increasing K from 1 to 2 provides throughput gains
which ranges between 40–50%. Moreover, the addition of a
further tier with a similar power reduction for each RRH,
further improves the downlink performance by 25–30%. It is
observed that while the percentage gain in terms of bits/s/Hz is
1 Expressing transmit power and density in terms of the corresponding
baseline parameters simplifies the exploration of the design space,but without
obscuring insights due to a large number of design variables.

Fig. 2. Outage capacity and capacity gains for a K-tier C-RAN with with
λ1 = 10−3 , η = 4, σ 2 = −20 dBm, P = 20 dBm, ro = 0.1 and Rcl = 10.
(a) Outage capacity (b/s/Hz) for scheduled MU as a function of baseline density
λ1 and number of tiers K for various values of β when α = 5 and ρ = 0.1
are fixed. (b) Capacity Gains for K-tier C-RAN when compared to single tier
architecture with varying permissible outage threshold ρ for β = 5 × 10−1 .

dependent upon the factor by which transmit power scales, i.e.,
β, the gain experienced in outage capacity G = Cρ /Cρ |K=1 is
almost constant. Effectively, gains of about ×2 are attainable
with the proposed C-RAN association mechanism.
Fig. 2(b) shows that the outage capacity gain is indeed a
function of desired reliability guarantee (expressed in terms of
threshold ρ). The proposed user-centric RRH clustering algorithm provides gains which range from ×4 to ×15 depending
upon the path-loss exponent and number of tiers when high
reliability for operation of the link is desired (i.e., ρ → 0).
Intuitively the power gain extracted by exploiting distributed
diversity (inherent in the RRH clustering mechanism) improves
the received SNR significantly. In turn highly reliable links
can be established to an MU with a significant capacity improvements realized by deploying additional tiers on top of
macro-cells.
VII. C ONCLUSION
In this letter, we have presented an analytical framework to characterize the coverage probability and the outage
capacity of the heterogeneous cloud radio access network
(C-RAN). We have investigated how distributed diversity can
be exploited to realize throughput gains which are possible
due to centralized signal processing in C-RANs. Lastly, we
investigated the benefits of adding additional tiers and showed
that capacity gains of about ×2 can be realized by employing
the proposed user centric remote radio head (RRH) clustering
mechanism.
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