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Abstract—Energy efficiency has become one of the key
performance indicators for 5G wireless networks. Coordi-
nated multipoint (CoMP) transmission/reception and multi-
input single-output (MISO) are two technologies which can
achieve higher energy efficiency in heterogeneous networks
(HetNets) compared to conventional single-input single-out
(SISO) systems. CoMP improves energy efficiency by joint
transmission among cooperative base stations (BSs) while MISO
achieves this by maximal ratio transmission (MRT) beamform-
ing. In this paper, we use a stochastic geometry approach to
analyze and compare the energy efficiency of CoMP and MISO
in HetNets. First we derive an exact theoretical expression for
the network coverage probability of MISO which is validated
by Monte Carlo simulations. Then energy efficiency of a two-
tier HetNet with CoMP and MISO is analyzed respectively and
compared. Numerical results show that the energy efficiency of
MISO rises with increasing number of antennas. The achievable
energy efficiency of both CoMP and MISO is related closely to
the density ratio between Pico BS (PBS) and Macro BS (MBS).
When the density ratio is lower than a critical value, MISO
is more energy efficient than CoMP; while CoMP outperforms
MISO when the density ratio goes beyond the critical value.
The exact critical value varies with the number of the antennas
used in MISO.

Index Terms—Energy efficiency, CoMP, MISO, Stochastic
geometry, HetNets

I. INTRODUCTION

In recent years, energy efficiency has become a significant
performance metric in the green communications design. To
achieve higher capacity for satisfying the exponential data
demand growth, heterogeneous networks (HetNets), the co-
deployment of multi-tier base stations (BSs) such as macro
base stations (MBS) and pico base stations (PBS), have been
widely applied [1]. However, the inter-cell interference (ICI)
caused by the dense small cell deployment, increases the
complexity of achieving higher energy efficiency in HetNets.

In 3GPP, many advanced techniques have been proposed
to improve energy efficiency by reducing interference or
increasing spectral efficiency. Two well-known technologies
are coordinated multipoint (CoMP) and multi-input single-
output (MISO). In a downlink CoMP network, multiple
BSs jointly transmit their signals to the same receiver co-
operatively. The cooperative transmission turns the inter-
cell interference into useful signals, thereby mitigating the
interference and enhancing the signal reception at the same
time [2]. In a downlink MISO system, multiple antennas are

installed on a single BS and multiple spatial channels are
allocated for transmission to an user equipment. MISO takes
the advantage of having extra spatial dimension to improve
the wireless link performance which leads to higher spectral
efficiency [3].

In order to facilitate the cooperative transmission, CoMP
requires additional power for signal processing and back-
hauling which might offset the benefit of energy saving
[4]. In contrast, MISO can use the same transmit power as
single-input single-output (SISO) to achieve higher spectral
efficiency via the array gain. However, MISO may provide
less spectral efficiency gain when the ICI becomes large,
since beamforming can neither avoid interference nor turn
it into useful signals. Given the different features of CoMP
and MISO, it is unclear which technology is more energy
efficient in HetNets. To our best knowledge, there haven’t
been any qualified research results on this.

The effectiveness of exploiting CoMP transmission to
improve energy efficiency has been investigated in existing
literature but some works, such as in [5], were based on
a hexagonal grid which is far from practical. Latest works
apply tools from stochastic geometry, where locations of BSs
and users are usually modelled as certain stochastic point
processes, to derive exact expressions for general multi-tier
network [6]. For example, authors in [7] analyzed the energy
efficiency in a two-tier SISO HetNet based on a stochastic
geometry model.

In this paper, we characterize the performance in terms
of coverage probability and energy efficiency for CoMP and
MISO transmission in HetNets respectively. The aim is to
reveal how we should employ the two advanced technology
to achieve higher network performance. Note that the exact
theoretical expression for coverage probability of CoMP in
HetNets has been derived in [8]. In this paper, we first derive
the exact expression for MISO coverage probability using
tools from stochastic geometry and then formulate the energy
efficiency for both CoMP and MISO. For a fair comparison,
we consider identical typical users, densities of BSs from
different tiers, and the targeted SIR thresholds in CoMP and
MISO systems.

The rest of the paper is organised as follows: Section
II describes the system settings of HetNets and derives the
coverage probability for MISO. In section III, we formulate
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the energy efficiency for CoMP and MISO in a two-tier
HetNet. Section IV gives the analysis of numerical results.
Finally, conclusions are drawn in section V.

II. DOWNLINK SYSTEM MODEL

A. System settings of HetNets

We consider a HetNet consisting of K independent net-
work tiers. In the HetNets scenario, it is assumed that
BSs from different tiers share the same frequency band.
The first tier is deployed with MBSs and other tiers are
deployed with small cells such as PBSs. It is assumed that
the BSs belonging to the ith tier have transmit power Pi
and are spatially distributed according to a two-dimensional
homogeneous Poisson Point Process (PPP) Φi of density λi,
i = {1, 2...K}. Without loss of generality, we focus on a typ-
ical user equipped with single antenna located at origin (0, 0)
in the area. Then the distribution of the distance between the
typical user and its corresponding BSs, Di, remains the same
regardless of the exact locations, whose probability density
function (pdf) is given by fDi(di) = 2πλidiexp(−πλid2

i )
[9].

B. Signal-to-Interference Ratio (SIR)

Typical HetNets are interference-limited and thermal noise
has a very limited effect on coverage probability as men-
tioned in [10], hence the noise is ignored in the rest of
analysis.

In the cooperative model, a subset of the entire BSs
cooperate by jointly transmitting the same message to the
typical user. C ⊂

⋃K
i=1 Φi denotes the set of locations of

the cooperating BSs, while Cc :=
⋃K
i=1 Φi \ C denotes the

locations of the BSs that are not in the set of cooperating
BSs. In this setup, the SIRC experienced by the typical user
for the downlink CoMP transmission is as following:

SIRC =

∑
x∈C Pv(x)‖x‖

−α|hx|2∑
x∈Cc Pv(x)‖x‖−α|hx|2

, (1)

where v(x) denotes the index of network tier to which BS
located at x within the networks range, i.e. v(x) = i, ifx ∈
Φi. hx is the fading coefficient between the BS located at
x and the user located at the origin with |hx|2 ∼ exp(1).
‖x‖−α is the standard path loss function, α denotes the path
loss exponent and ‖·‖ denotes the Euclidean norm.

In the MISO model, both MBSs and small cells are
equipped with multiple antennas to enhance transmission.
Considering that BSs serve the single-antenna user with
maximal ratio transmission (MRT) beamforming, the channel
fading power gain is subject to the Gamma distribution
‖h‖2 ∼ Γ(Mk, 1), where h is the channel fading vector
and Mk is the antenna numbers of BSs from the kth tier.

To compare performance metrics between CoMP and
MISO, we assume that the typical user only connects to the
nearest BS from the first tier, same as the SIR in case of no
cooperation described in [8]. Then we can get the SIRM in

MISO system as (2) when the typical user connects to the
b0 MBS.

SIRM =
P1‖xb0‖

−α‖hb0‖
2∑K

i=1 Ii
, (2)

where

I1 :=
∑

x∈Φ1\b0
‖x‖−α|hx g∗

x

‖gx‖ |
2
P1

Ii>1 :=
∑
x∈Φi

‖x‖−α|hx g∗
x

‖gx‖ |
2
Pi

.

Here, hb0 is the channel fading vector between the typical
BS and the typical user, hx is the interfering channel fading
vector. gx denotes the channel fading vector between the
interfering BS and its corresponding user and g∗x is the
conjugate transpose of gx. P1 represents the transmit power
of MBS and Pi is the transmit power of the ith tier where
i = {2, 3, 4...}.

C. Coverage probability

The typical user cannot be served by a BS unless the re-
ceived SIR reaches a prescribed threshold. Then the coverage
probability of the typical user can be defined as a probability
Pc that the SIR received by a user is larger than a targeted
threshold θ, represented as P = Pc(SIR > θ).

1) CoMP: Referring to case 2 in [8, eq. 7], the coverage
probability of the user in CoMP equipped HetNets Pcomp

can be written as∫
Rn

+

K∏
i=1

Li(
θPi∑

j∈I Pjd
−α
j

)
∏
i∈I

fDi(di)dd (3)

where Ii :=
∑
x∈Φi\C |hx|

2‖x‖−α,

Li(s) =

{
exp(−2πλis

2/αF
(
dis
−1/α

)
) i ≤ n

exp(−πλis2/αsinc−1(2/α)) i > n
(4)

and defining F (x) =
∫∞
x

r
1+rα dr.

2) MISO: Assuming that each BS from different tiers
has the same number of antennas, represented as M . Then
the coverage probability in the case of MISO Pmiso can be
derived and the result is given in Theorem 1.

Theorem 1. The coverage probability of a typical user in
a K-tier HetNet equipped with multiple antennas transmitter
is

Pmiso =
M−1∑
m=0

(−1)m

m! θm
∞∫
0

∑
m!
m∏
j=1

lj !

(−1)
m

e(−Λ(θ,d1))
m∏
k=1

(
Λ(k)(x,d1)|

x=θ

k!

)lk
f(d1)dd1,

(5)

where Λ (x, d1) = 2πλ1

∫∞
d1

(
1− 1

1+x‖d1‖αr−α

)
rdr +

K∑
i=2

λiπΓ
(
1 + 2

α

)
Γ
(
1− 2

α

) (
xPiPm

−1‖d1‖α
)2/α

and the

innermost summation is taken over all j-tuples of non
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negative integers (l1, l2, ..., lj) satisfying the constraint 1 ·
l1 + 2 · l2 + 3 · l3 + · · ·+ j · lj = l.

Proof. Starting with the definition of the coverage probabil-
ity and defining I =

∑K
i=1 Ii , s = PiPm

−1‖d1‖α, then we
can have

Pmiso = EI,d(Pc(‖hx‖2 > I · sθ))

= EI,d(exp(−I · sθ)
N−1∑
m=0

1
m! (I · sθ)

m)

(a)
=

N−1∑
m=0

(−1)m

m! θm[EI,d(
d(m)(exp(−I·sx))

dxm |x=θ)]

(b)
=
N−1∑
m=0

(−1)m

m! θm[Ed(
d(m)

dxm

K∏
i=1

Li(x · s)|x=θ)]

, (6)

where (a) makes use of the property of exponent derivatives,
(b) makes use of the Laplace transform of I, L(s) = E(e−sI).

By using the moment generating function of an ex-
ponential random variable with parameter a is equal to
(1 − t/a)−1and probability generating functional of a PPP,
we write

Li(s) =

{
exp(−2πλ1

∫∞
d1

(
1− 1

1+sθr−α

)
rdr), i = 1

exp(λiπΓ
(
1 + 2

α

)
Γ
(
1− 2

α

)
(sθ)

2/α
), i > 1

(7)
To solve the multiple differential problem in (b), we apply

the Faà di Bruno’s formula, let Λ(k) (x, d1) = Λ1
(k) (x, d1)+

Λ2
(k) (x, d1), and the derivatives are calculated as:

Λ1
(k) (x, d1) = 2πλ1·∫ ∞
d1

(−1)
k+1

k!
(
1 + x‖d1‖αr−α

)−(k+1)‖d1‖kαr−kαrdr,

and

Λ2
(k) (x, d1) =

K∑
i=2

λiπΓ

(
1 +

2

α

)
Γ

(
1− 2

α

)

(PiP
−1
m )2/α ‖d1‖2 x2/α−k ·

k−1∏
t=0

(2/α− t).

D. Power consumption model

Referring to [11], the total power consumption of a MBS
can be calculated as:

Pm = (
Ptx
PAeff

+ Psp) ∗ (1 + Cc) ∗ (1 + Cpsbb) (8)

where Ptx is the transmit power, PAeff is the efficiency of the
power amplifier (PA). Psp represents the signal processing
power consumption. Cc and Cpsbb are the cooling power
loss and battery backup and power supply loss respectively.
Although MISO systems increase the complexity on signal
processing, the energy consumption for the MISO system
remains the same as SISO systems [12].

To enable CoMP, however, additional power consumption
is needed for backhauling and signal processing. Specifically,
for the CoMP enabled MBS, Psp is calculated as [11]:

Psp = 58 ∗ (0.87 + 0.1Nc + 0.03N2
c ) (9)

where Nc is the number of cooperative BSs. Then the total
power consumption of MBS with CoMP can be written as:

PmCoMP = (
Ptx
PAeff

+Psp)∗(1+Cc)∗(1+Cpsbb)+Pbh (10)

Pbh is the backhaul power consumption for cooperation.
Because the total power consumption of small cells is

fairly small compared to MBSs’, we neglect the additional
power consumption required for enabling CoMP for BSs in
small cells in this paper. This means that we can assume the
power consumption of BSs in small cells does not change
with the application of CoMP.

E. Energy efficiency
The energy efficiency is defined as the ratio of the average

spectral efficiency to the average network power consump-
tion in this paper with unit bits/J . The throughput attained
at a given BS-user link is given by Plog2(1 + θ) and the
area spectral efficiency is taken over all the links in the
network. Therefore, in a K-tier HetNet, the energy efficiency
is calculated as following:

Eeff =

∑K
i λiPlog2(1 + θ)∑K

i λiPi
, (11)

where Pi is the average power consumption of a BS from
the ith tier and i = {1, 2...K}.

III. ENERGY EFFICIENCY ANALYSIS

In this section, we evaluate the energy efficiency of CoMP
and MISO in a two-tier HetNet. The first tier is deployed
as MBSs with a density of λm and the second tier is
deployed as picocell base stations (PBSs) with a density of
λp. Using results from previous sections, we can get the
spectral efficiency of the typical user for our two-tier HetNet
scenario, then the area spectral efficiency is calculated as
(λm + λp)Plog2(1 + θ).

Given the average power consumption models of MBS
without CoMP Pm, with CoMP PmCoMP and the total power
consumption of a PBS Pp, we finally formulate the energy
efficiency expression for CoMP and MISO in a two-tier
HetNet respectively:

Eeffc =
(λm + λp)PCoMPlog2(1 + θ)

λmPmCoMP + λpPp
(12)

and
Eeffm =

(λm + λp)Pmisolog2(1 + θ)

λmPm + λpPp
(13)

From (12) and (13), we can see that the coverage prob-
ability is increased with decreased SIR threshold. On the
other hand, the spectral efficiency will increase with rising
SIR threshold when the coverage probability is fixed. It is
desirable to find the maximum values of energy efficiency
with various SIR threshold. Because of the integrations and
the Laplace functions involved in the analytical expressions,
it is intractable to evaluate the closed-form expressions
for the optimal value of energy efficiency. However, the
optimisation can be done offline by numerically evaluating
the optimal values of energy efficiency.

8th International Wireless Distributed Networks Workshop on Cooperative and Heterogeneous Cellular Networks 2015

354



TABLE I
PARAMETERS VALUES USED IN SIMULATION

Parameters Values
path loss exponent α 4
SIR threshold θ 2 dB
MBS density λm (5002π)−1m−2

PBS density λp 5(5002π)−1m−2

MBS transmit power P1 25 W
PBS transmit power P2 1 W
PBS power consumption Pp 5 W
signal processing power consumption Psp 58 W
PA efficiency PAeff 0.38
cooling loss Cc 0.11
battery back up and power supply loss Cpsbb 0.29
backhaul power consumption Pbh 20 W
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Fig. 1. Coverage probability of a two-tier HetNet when the tiers perform
SISO and MISO respectively.

IV. NUMERICAL RESULTS

In this paper, we use the default values in Table I unless
otherwise stated. The parameters concerning power con-
sumptions are taken from [13] and the parameters concerning
spatial distributions are obtained from [8].

The locations of the MBSs and PBSs are both distributed
according to PPP with different densities as Table I states in a
5000∗5000m2 grid, with 20000 trials. Figure 1 compares the
theoretical expressions versus Monte Carlo simulated results
for coverage probability of SISO without CoMP and MISO
in HetNets verifying the validity of the expression (5). From
henceforth, all figures are numerical plots of the expressions
previously.

From Figure 2 we can see that the coverage probability
of the CoMP or MISO enabled two-tier HetNet is always
higher than that of SISO regardless of the exact values
of SIR thresholds. It proves that both CoMP and MISO
can effectively improve the coverage probability in HetNets.
Another observation from Figure 2 is that the coverage
probability of MISO increases when more antennas are
installed on the BS due to the higher array gain.

Figure 3 compares the energy efficiency of different tech-
nologies. As expected, both CoMP and MISO achieve higher
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Fig. 2. Comparison of coverage probabilities of MISO with M={1,2,4,8}
vs CoMP and SISO with various SIR thresholds.
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Fig. 3. Comparison of energy efficiency of MISO with M={1,2,4,8}, CoMP
and SISO with various SIR thresholds.

energy efficiency than SISO. It is observed that the maximum
energy efficiency is achieved at a critical SIR threshold θ for
all the curves. For MISO, the exact value of θ depends on
the number of antennas. In any case, the energy efficiency is
not a monotonic function of θ due to the opposing values of
coverage probability and spectral efficiency. Thus, an optimal
value θ always exists. We also observe that MISO (when
M=8) achieves comparable coverage probability with CoMP
as shown in Figure 2, but higher energy efficiency than
CoMP. The reason is that additional power consumed for
signal processing and backhauling in CoMP outweighs the
power it saves.

Figure 4 compares the coverage probability of CoMP and
MISO with {8,16,32} antennas at different density ratios
which are defined as the density of λp over the density
of MBS λm, denoted as β = λm/λp. From Figure 4, we
can see that the coverage probability of MISO is monotone
decreasing as the β increases. This is because that more PBSs
deployed in HetNets lead to increased inter-cell interference,
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Fig. 4. Comparison of coverage probability of MISO with M={8,16,32}
and CoMP with various density ratios β.

which in turn, decreases the coverage probability of MISO
as beamforming can neither avoid ICI nor turn it into
useful signals; For CoMP, there is an optimal density ratio
where the coverage probability reaches maximum value.
This is because when too many PBSs deployed in HetNets,
the additional power consumed for signal processing and
backhauling in CoMP outweighs the power it saves.

Figure 5 shows the impact of density ratio β between PBS
and MBS on the energy efficiency of CoMP and MISO.
In the two-tier HetNet, we can observe that there exists
an optimal value of density ratio where MISO achieves
the maximum energy efficiency. The exact value of the
optimal ratio is related to the number of antennas used in
MISO. Also, we can see that there is a crossover point
when comparing energy efficiency performance of MISO
and CoMP. Using MISO with M=8 as an example, when
the density ratio between PBS and MBS is lower than 7,
MISO is slightly more energy efficient than CoMP. However,
CoMP outperforms MISO significantly when the density
ratio goes beyond the crossover point. This is because CoMP
can effectively reduce ICI through cooperative transmission
while MISO can not. Besides, the crossover point shifts to
the right when the number of antennas increases in MISO.
This is due to the higher array gain achieved by multiple
spatial channels.

V. CONCLUSION

In this paper, we conducted a thorough analysis on the
coverage probability and energy efficiency of CoMP and
MISO in HetNets using a stochastic geometry approach.
We first derived an exact theoretical expression for the
coverage probability of MISO in a K-tier HetNet and then
analyzed and compared the energy efficiency of both CoMP
and MISO in a two-tier HetNet. Numerical results show
that for both CoMP and MISO, there is an optimal SIR
where energy efficiency reach the maximum value. For a
fixed density ratio between PBS and MBS, MISO with more
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Fig. 5. Comparison of energy efficiency of MISO with M={8,16,32} and
CoMP with various density ratios β.

than 8 antennas can achieve higher energy efficiency than
CoMP against different SIR thresholds. When comparing the
energy efficiency between CoMP and MISO, we observed
a crossover point corresponding to a critical value of the
density ratio between PBS and MBS. When the density
ratio is lower than the critical value, MISO is more energy
efficient than CoMP; while CoMP outperforms MISO when
the density ratio goes beyond the critical value. The exact
value of the critical density ratio varies with the number
of the antennas used in MISO. Thus we conclude that in
terms of energy efficiency, MISO can be used when PBSs
are not densely deployed in HetNets because MISO achieves
slightly higher energy efficiency with easier implementation.
However, in HetNets with densely deployed PBSs, CoMP
should be adopted to achieve better energy efficiency.
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