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Abstract

In this paper, we consider a relative received link power (RRLP)-based coordinated multi-point

(CoMP) joint transmission (JT) in the multi-tier ultra-dense networks (UDN). In this CoMP scheme, we

identify the cooperating base stations (BSs) by comparing the average received link power (ARLP) of

the neighbouring BSs with respect to the BS having the strongest ARLP (i.e., the main link BS) to a user.

To analyze the performance of this CoMP scheme in the downlink multi-tier UDN, we first approximate

the received signal power distribution, and derive the coverage probability using stochastic geometry.

After revisiting the area spectral efficiency (ASE) to make it more suitable for CoMP transmission

in UDN, we also analyze the ASE and the network energy efficiency (NEE). Using simulations, we

validate the derived coverage probability, and investigate the CoMP performance in multi-tier UDN. Our

simulations show that the RRLP-based CoMP scheme can outperform the fixed number of strongest

BS-based CoMP scheme in the high BS density regime. Our study of the NEE performance reveals that

not only the RRLP-based CoMP scheme is more efficient than conventional non-CoMP transmission

scenario, but also its NEE performance improves with the average number of cooperating BSs.
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Area spectral efficiency, coordinated multipoint joint transmission, line-of-sight (LoS) probability,

multi-tier networks, network energy efficiency, ultra-dense networks (UDN).
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I. INTRODUCTION

In recent years, development of the fifth generation (5G) new radio (NR) has been identified

to be contingent upon a diverse array of technologies, which are required to bridge the gap

in performance with the previous generations of wireless systems [2], [3]. Cellular network

densification is one such key solution that has been explored in 5G NR for achieving the required

network capacity and spectral efficiency (SE) [4]. Ultra-dense network (UDN) is the culmination

of network densification, where the number of base stations (BSs) approximates the number of

users in both the spatial scale and magnitude [5], [6].

The introduction of UDN has led to various unprecedented changes in the network performance.

For instance, in the conventional sparse networks, the antenna heights of BSs and users have

negligible impact on the channel quality as the antenna height difference is much smaller than the

link distance between a BS and its associated users. However, with the UDN, the cell coverage

area becomes significantly small, resulting in the small link distance. Therefore, the impact of BS

and user antenna heights on the overall link distance (i.e., pathloss), channel fading distribution,

the existence of line-of-sight (LoS) link in the BS-user channel etc. can no longer be ignored

in the UDN scenario [7]. Furthermore, due to the smaller pathloss in UDN, the changes in the

channel fading distribution due to the existence or absence of the LoS link is also significant

[8]. Hence, in UDN, we need to re-evaluate the strategies, used for the performance analysis

and evaluation of the networks.

Due to above-mentioned features in UDNs, the performance analysis becomes more chal-

lenging and it also brings various new issues in the network resource managements [9]–[11].

For instance, with increasing BS density, the rate of frequency reuse increases, which in turn

increases the inter-cell interference (ICI) in UDN, and the rate of handover also increases due

to the rapid changes in the coverage area of BSs [12]. Furthermore, the conventional received

power/distance-based cell association strategies may not be efficient in UDN as there can be many

BSs that provide the similar received signal power to a user. In addition, in reality, the UDN

is likely to have the multi-tier structure, which is an inevitable consequence as BSs are densely

deployed for the smooth integration of BSs into the existing cellular networks [9], [10]. In such

network architecture, BSs in different tiers would have different antenna heights, cell coverage

area and transmission power. Consequently, an efficient interference management becomes more

important, compared to the single-tier UDN [13]–[15]. It is more desirable especially for the

users associated with lower tier BSs (i.e., BSs with smaller transmission power) since they
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can experience sever cross-tier interference from the higher tier BSs (i.e., BSs with higher

transmission power). Therefore, the multi-tier UDN needs to be carefully designed for achieving

better performance. One solution for enhancing the higher performance in the multi-tier UDN

is the coordinated multi-point (CoMP) transmission [6], [16], [17].

The CoMP transmission is realized by the cooperation among multiple BSs to transmit the

information to users. Such transmission includes the dynamic point selection (DPS) [18], the

coordinated scheduling/ beamforming (CS/CB) [19], and the joint transmission (JT) [20]. Among

these techniques, the joint transmission is the most effective in terms of interference management,

but it gives more loads at each BS since multiple BSs need to transmit the same information

for a user [17]. However, in UDN, there are large number of BSs, even can be larger than the

number of users [11], so the joint transmission is expected to be used without overloadig BSs.

Hence, in this paper, we explore the possibility of implementing CoMP JT in multi-tier UDN.

The CoMP JT strategies existing in literature have been developed, mainly for the conventional

sparse cellular networks, and implementing them directly in UDN creates several challenges. For

instance, the popular coherent JT strategy that utilizes the ‘N’-strongest/nearest BSs for CoMP

transmission [6], [21], [22] can have strong interfering BSs around a user. This is due to the

fact that in UDN, the (N +1)-th strongest/nearest BS can still yield large interference since BSs

are densely deployed. An alternative to this strategy is to determine cooperating BSs depending

on various system parameters, e.g., fixed average received link power (ARLP) threshold [23],

the maximum per-link outage capacity [24], [25], and the relative received link power (RRLP)

threshold [26], [27]. The ARLP-based CoMP scheme determines the cooperating BSs as the ones

with greater ARLP than a certain threshold [23]. However, this scheme can make a user have no

cooperating BS, especially when the ARLP threshold is high. On the other hand, the maximum

per-link outage capacity based CoMP scheme requires significant optimization overhead due to

the presence of large number of BSs with similar ARLPs [24], [25]. The RRLP-based CoMP

scheme determines the cooperating BSs as the ones with greater ARLP than a certain ratio of

the strongest/nearest BS’s ARLP [28]. As a combined approach with ARLP based scheme, after

determining two and three nearest BSs, the cooperating BSs are determined by their relative

received power ratio in [26], [27]. However, the most works in CoMP JT did not consider the

unique features of multi-tier UDN such as the antenna heights of BSs and users and the random

existence of LoS links, which are crucial in analyzing the performance in UDN. Therefore, in

this work, we consider the CoMP JT for a K-tier open-access UDN, where BSs of each tier use

different transmission power and have different antenna heights to other tiers. The BSs as well



4

as the users are distributed by Poisson point processs (PPPs), densely over the network. We use

the RRLP-based CoMP, which selects the cooperating BSs as the ones with greater ARLP than

a certain ratio of ARLP of the strongest BS. After deriving the coverage probability, we have

also analyzed the area spectral efficiency (ASE), i.e., the spectral efficiency of users per unit area

of the network, and the network energy efficiency (NEE), i.e., the ratio of ASE and the average

network energy consumption per unit area. From the simulations, we have shown the effects of

the BS densities and the number of cooperating BSs on the various performance metrics. To

the best knowledge of us, this is the first work that analyzes the performance of CoMP JT by

considering new features of UDN. The contribution of this work can be summarized as follows.

• We newly develop an analytical framework for the RRLP-based CoMP scheme in a K-tier

UDN by considering the new features of UDN. Specifically, the probability of having LoS

links, which is determined by the antenna height difference as well as the link distance, is

considered, and the different channel models for LoS and NLoS links are used.

• By introducing the Gamma approximation for the received signal power from cooperating

BSs, we derive the coverage probabilities for general environment and for the special case

with all NLoS links. Although the derived coverage probability becomes complicated due

to the CoMP transmission in UDN, after careful examination, we have shown two different

effects of the total BS density on the coverage probability.

• We have revised the conventional ASE to make it more suitable for CoMP JT scenarios in

UDN. First, we define the transmit ASE (Tx ASE) by counting the links from cooperating

BSs (i.e., multiple transmitters) as one valid link in the definition of ASE since those BSs

actually transmit the same information. We also introduce the receiver ASE (Rx ASE) by

considering the SE per receiver (i.e., user) instead of the SE per transmitter (i.e., BS) since

this can be more valid when the number of BSs is larger than that of users like UDN

environment.

• Using the ASEs, we define and compute the NEE for a multi-tier UDN by considering not

only the transmission power but also various transceiver circuit power consumptions (which

is often ignore in existing works despite of non-negligible values of consumption). After

investigating the NEE through simulations, the useful insights on the energy-efficient CoMP

transmission design are provided, which also further motivates the use of the RRLP-based

CoMP, compared to the case without CoMP.

The remainder of this paper is organized as follows: Section II introduces the system model,

the RRLP based CoMP transmission design, as well as the performance metrics. In Section III,
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TABLE I Notations used throughout the paper.

Notation Definition Notation Definition

Φb,j PPP for BS distribution in the j-th tier λb,j Spatial Density of BSs in the j-th tier

Φu PPP for user distribution in the network λu Spatial Density of users in the network

hb,j Antenna height of BSs in the j-th tier hu Antenna height of users in the network

c ∈ {L,N} Indicator of LoS/NLoS channel α(c) Pathloss exponent for channel c

co ∈ {L,N} Indicator of LoS/NLoS channel for the main link xk,o Link distance from the main link BS to the typical

user

g
(c)
j,i Fading gain between the typical user and BS i with

channel c in the j-th tier

xj,i Link distance from BS i in the j-th tier to the

typical user

ςj Average downlink transmit Power of BSs in the

j-th tier

yj,i Horizontal distance between the typical user and

BS i in the j-th tier

m(c) Shape parameter of Nakagami-m fading distribu-

tion for channel c

p(c)(x) Probability of having channel c between a BS and

user at link distance x

ε Fraction of network area covered by build-

ings/blockage

ρ Average building/blockage height

Υ Average number of buildings per unit area C0 Coherence block duration

B Communication bandwidth 1
κj

Power amplifier efficiency of a BS in the j-th tier

Lb,j Computation efficiency of a BS in the j-th tier Ūj Average number of associated user with a BS in

the j-th tier

P
(b)
rf,j Antenna power consumption at a BS in j-th tier Pfix,j Fixed power consumption at a BS in the j-th tier

P
(u)
rf Antenna power consumption at a user Prate Rate dependent power consumption at user

n
(c)
j Number of BSs in the j-th tier associated with the

typical user with channel c

γco,k Received SIR at the typical user having a main link

BS with channel co from the k-th tier

A
(co)
k Probability that the main link BS with channel co

from the k-th tier

fX(.) Probability density distribution of random variable

X

we present the detailed coverage probability analysis by deriving the approximate distribution

of the received signal power. In Section IV, we discuss the simulation results. Conclusions are

presented in Section V.

II. SYSTEM MODEL

In this section, we first present the system model for a open-access multi-tier UDN, including

the model for LoS channel probability and the CoMP transmission strategy. We then present the

performance metrics considered in this paper.

A. UDN Network and Channel Model

We consider a K- tier UDN, where the base stations (BSs) from different tiers are distributed

according to independent homogeneous Poisson point process (HPPP), and are distinguished
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based on their individual downlink transmission power as well as the BS antenna heights. For

instance, the distribution of BSs in the j-th tier follows an independent HPPP Φb,j , with the spatial

density λb,j , and have BS antenna height hb,j and downlink transmit power ςj (j = 1, 2, . . . , K).

We also assume that the distribution of users in the network follows an independent HPPP Φu

with the spatial density λu.

The channel between the BS and the typical user can be a LoS channel, as long as the

line-of-sight path between them is not obstructed by a blockage (e.g. buildings in dense urban

environment). However, the existence of such LoS path in the channel cannot be guaranteed due

to the random nature of user locations in the network (e.g., due to the mobility of users). Hence,

depending on the locations and heights of the BSs and buildings in the network, we characterize

the probability of existence of LoS path in the channel.

Several models have been adopted to characterize this LoS probability as a function of link

distance, in a simple mathematical form for analysis [29]–[31]. However, most of these models

do not consider the antenna height of BS and user, which give significant impact on the BS-user

distance in UDN scenarios. Recently, in [15], a more complete version of the LoS probability

model has been presented using the results in [32] and the ITU blockage model. Using this

model in our scenario, the probability of having a LoS/NLoS link channel between BS i in the

j-th tier and the typical user is given by

p(c)(xj,i) =





(
1−

√
π
2
ρ
hj

[
erf
(
hb,j
ρ
√
2

)
− erf

(
hu
ρ
√
2

)])√εΥ{x2j,i−(hb,j−hu)2}
, if c = L

1−
(
1−

√
π
2
ρ
hj

[
erf
(
hb,j
ρ
√
2

)
− erf

(
hu
ρ
√
2

)])√εΥ{x2j,i−(hb,j−hu)2}
, if c = N

(1)

where c ∈ {L,N} denotes the channel environment, i.e., c = L for LoS link, and c = N for

NLoS link, and erf(z) = 1√
π

∫ z
−z e

−t2 dt. From (1), it is evident that the LoS link probability

(i.e., c = L), pL(x), decreases with the link distance x, since higher value of x increases the

probability of inclusion of a blockage/ building of sufficient height to block the LoS path in the

channel. The probability of NLoS channel (i.e., c = N) is similarly given by pN(x)
∆
= 1− pL(x).

The power of the signal received from BS i in j-th tier at the typical user is therefore given by

P
(c)
j (xj,i)

∆
= ςj g

(c)
j,i x

−α(c)

j,i , (2)

where g
(c)
j,i and α(c) ≥ 2 respectively denote the small scale fading gain and the pathloss exponent

of the channel c, and xj,i denotes the corresponding link distance of this BS from the typical

user. Here, xj,i is given by xj,i
∆
=
√
y2j,i + h2j , where yj,i is the horizontal distance between the

user and the BS, and hj
∆
= hb,j − hu is the difference in antenna heights between the j-th tier

BSs and the typical user. Without loss in generality, we assume that the small scale fading gain
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in a channel c follows the Nakagami-m distribution with parameter m(c) and mean value 1, i.e.,

g
(c)
j,i ∼ Γ

(
m(c), 1

m(c)

)
[7], [8].1

B. Relative Received Link Power Based CoMP Transmission

We consider a relative received link power (RRLP) based approach for determining the set of

associated/ cooperating BSs for the typical user under the ideal backhaul link environment.2 In

this approach, we first check the average received link power (ARLP) from all the neighbouring

BSs in different tiers, and compare them to determine the BS with the strongest ARLP. We denote

this BS as the BS ‘o’ in the cooperation set and term the link between this BS and the typical

user as the main link. We therefore denote the main link distance as xk,o and its corresponding

channel environment as co (co ∈ {L,N}). In order to determine whether a neighbouring BS is

a cooperating BS for the typical user, we compare its ARLP to that of the main link BS, and

check whether the ratio of their ARLPs exceeds a pre-defined threshold value.3 For instance,

when the typical user has its main link BS in the k-th tier, the neighbouring BS i in the j-th tier

with channel c to the typical user participates in the cooperation set, if it satisfies the following

condition:

P̄
(c)
j (xj,i)

P̄
(co)
k (xk,o)

≥ ηj,k , (3)

where P̄
(c)
j (xj,i) = E

[
P

(c)
j (xj,i)

]
= ςj x

−α(c)

j,i denotes the ARLP of the BS i in j-th tier, and ηj,k

(j = 1, 2, . . . , K) denotes the relative link power ratio (RLPT) for the j-th tier BSs, given that

the main link BS is from the k-th tier.

Note that ηj,k denotes the minimum fraction of the main link ARLP, required by any BS in

the j-th tier to be included in the cooperation set. Clearly, if ηj,k is set at a higher value, the

1Note that the generic Nakagami-m distribution can be used to characterize any generalized form of fading gain in the

wireless channel. For instance, in a conventional NLoS channel (i.e., c = N), the fading is assumed to be Rayleigh distributed

(i.e., m(N) = 1). In general, we have, m(L) ≥ m(N).

2In this work, we consider the ideal backhaul link environment (i.e., with infinite capacity) to focus on the performance

analysis of the access link (between BSs and the user), and leave the analysis on the effect of the limited backhaul link capacity

in UDN as a future work.

3Note that in general any BS in the network can be considered a neighbouring BS to the typical user. However, such assumption

becomes unnecessary in case of large networks, where BSs at sufficiently far away from the user have negligible ARLP, and

therefore would have little impact in selecting the main link BS. Therefore, for practical implementation, we can limit the

number of neighbouring BSs by imposing a suitable constraint on either the ARLP or on the horizontal distance between the

typical user and the BSs. Such restriction however does not impact the cooperating BS set selection, as long as this threshold

remains sufficiently small.
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probability of inclusion of a j-th tier BS in the cooperation set automatically decreases. The

same also holds when the main link ARLP increases for a given ηj,k. In other words, using

ηj,k as a threshold, we can dynamically adjust the number of cooperating BSs in each tier

of the multi-tier UDN for a user (see Remark 1). Note that such a transmission strategy not

only reduces the number of interfering BSs with strong ARLP, but also controls the number of

cooperating BSs. In other words, any BS, which does not have sufficiently strong ARLP, is not

included in the cooperation set, since it only provides incremental change in the overall system

performance. Hence, this strategy prevents any non-essential signal strength increase at the user

in determination of its cooperating BS set, thus preventing any excess energy consumption in

the network.4

1) SIR for Downlink Transmission: In order to analyze the performance of the RRLP-based

CoMP strategy, we consider the coherent joint transmission scenario in the downlink. In other

words, the BSs, associated with the typical user, cooperate to transmit information symbols to

the user in a synchronized manner. We also assume that the channel state information of the

associated users are known at the BSs, and consider the conjugate beamforming based precoding,

as in [21]. Thus, when the main link BS to the typical user is in the k-th tier with channel co

and link distance xk,o, the overall received signal at the typical user in the interference limited

environment is given by5

Zo =

K∑

j=1

∑

c∈{L,N}

∑

i∈φ(c)
b,j

√
ςj q

(c)
j,i x

−α(c)/2
j,i w

(c)
j,i uo︸ ︷︷ ︸

signal from the associated BSs
in the j-th tier

1

(
xj,i ≤ θ

(c)
j (xk,o, co)η

− 1

α(c)

j,k

)

+
√
ςj q

(c)
j,i x

−α(c)/2
j,i w

(c)
j,i uj,i︸ ︷︷ ︸

signal from interfering BSs

1

(
xj,i > θ

(c)
j (xk,o, co)η

− 1

α(c)

j,k

)
(4)

where φ
(c)
b,j is the index set of BSs in the j-th tier with channel c to the typical user, uo is

the transmitted symbol of the main link BS, uj,i is the independent transmitted symbol from

an interfering BS,6 q
(c)
j,i is the channel fading gain with the typical user for the BS i in j-th

4It can be shown that for average number of cooperating BSs fixed at 3, there is 95% probability that the maximum number

of cooperating BSs would be less than or equal to 7. This shows that the probability that the CoMP set size is very large with

the RRLP-based CoMP transmission is negligibly small.

5Note that inclusion of noise in the system model would further complicate the performance analysis, while the trend observed

for the overall performance would be similar [14], [21]. Therefore, we have limited our analysis to the interference limited

environment only.

6Note that without loss of generality, we have assumed the transmitted symbol power to be 1 and all channels between the

BSs and typical user are independent.
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tier, and w
(c)
j,i =

(q
(c)
j,i )

∗

∣∣∣q(c)j,i

∣∣∣
denotes its corresponding normalized precoder. Here θ

(c)
j (xk,o, co)

∆
=

(
ςj
ςk

) 1

α(c)

x
α(co)

α(c)

k,o , and 1 (.) denotes the mathematical indicator function. and g
(c)
j,i = |q(c)j,iw

(c)
j,i |2 =

|q(c)j,i |2. Clearly, the total received signal power at the typical user can be written as

P (co)
comp(xk,o) =

∣∣∣∣∣∣∣∣∣

√
P

(co)
k (xk,o)︸ ︷︷ ︸

signal from main link BS

+
K∑

j=1

∑

c∈{L,N}

∑

i∈φ(c)
b,j

√
P

(c)
j (xj,i)1

(
xj,i ≤ θ

(c)
j (xk,o, co)η

− 1

α(c)

j,k

)

︸ ︷︷ ︸
signal from other associated BSs in the j-th tier

∣∣∣∣∣∣∣∣∣

2

,

(5)

We further note that any BS outside the cooperation set of the typical user acts as an interferer

to that user, and therefore the overall interference power received at the user is given by

I(co)(xk,o) =

K∑

j=1

∑

c∈{L,N}

∑

i∈φ(c)
b,j

P
(c)
j (xj,i)1

(
xj,i > θ

(c)
j (xk,o, co)η

− 1

α(c)

j,k

)
. (6)

Then, the overall received signal-to-interference power ratio (SIR) in an interference-limited

environment is given by

γ
(co)
k (xk,o) =

P
(co)
comp(xk,o)

I(co)(xk,o)
. (7)

2) Main Link Distance Distribution: In section II-B we show that the performance of the

RRLP based CoMP transmission strategy in the multi-tier UDN scenario is heavily dependent

on the tier and nature of channel (LoS/ NLoS) of the main link BS. Therefore, prior to introducing

the performance metrics under consideration, we first present an expression for the probability

density function (pdf) of the main link distance in this CoMP transmission scenario.

Lemma 1: For the main link BS in k-th tier, let us denote the main link distance as X
(co)
k,o .

The pdf of X
(co)
k,o is given by

f
X

(co)
k,o

(r) =
2πλb,k

A(co)
k

r p(co)(r) e
−2π

K∑
j=1

λb,j
∑

c∈{L,N}

∫ θ
(c)
j

(r,co)

hj
t p(c)(t) dt

. (8)

where p(c)(x) is the probability of having channel environment c for a link distance x, and

θ
(c)
j (r, co) =

(
ςj
ςk

) 1

α(c)

r
α(co)

α(c) . Here A(co)
k is the tier association probability for the main link BS,

and is given by

A(co)
k =

∫ ∞

hk

2πλb,k x p
(co)(x) e

−2π
K∑

j=1
λb,j

∑
c∈{L,N}

∫ θ
(c)
j

(x,co)

hj
t p(c)(t)dt

dx. (9)

Proof: See Appendix A.
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Fig. 1 An example scenario of the RRLP based CoMP transmission strategy in a 2-tier (macro and micro) UDN.

3) Number of Cooperating BSs: The number of cooperating BSs of the typical user in each

tier of the network depends both on the main link BS (i.e., its ARLP and its tier), and also on

the RLPT corresponding to that tier. For instance, when the typical user has a main link BS in

the k-th tier, the number of cooperating BSs in the j-th tier is

N
(co)
j (xk,o) =

∑

c∈{L,N}

∑

i∈φ(c)
b,j

1

(
xj,i ≤ θ

(c)
j (xk,o, co) η

− 1

α(c)

j,k

)
. (10)

Thus, the total number of cooperating BSs for the typical user in the network is given by

N (co)(xk,o) =

K∑

j=1

N
(co)
j (xk,o) . (11)

For instance, in Fig. 1, we show the associated BSs cooperating to serve the typical user. It is

observed that this user is served by two BSs with LoS channel to the user (ARLPs are P̄
(L)
2 (x2,o)

and P̄
(L)
1 (x1,1) respectively), and one BS with NLoS channel (ARLP is P̄

(N)
2 (x2,1)). Clearly, the

main link BS for this user is in 2nd tier and has a LoS channel to the user. Thus, we have

N
(L)
1 (x2,o) = 1, N

(L)
2 (x2,o) = 2, and N (L)(x2,o) = N

(L)
1 (x2,o) +N

(L)
2 (x2,o) = 3.

Lemma 2: The average number of cooperating BSs for the typical user with the RRLP-based

CoMP transmission strategy is given by

Navg =

K∑

k=1

∑

co∈{L,N}
A(co)
k

∫ ∞

hk

f
X

(co)
k,o

(r)

K∑

j=1

2πλb,j
∑

c∈{L,N}

∫ θ
(c)
j (r,co)η

− 1

α(c)

j,k

hj

t p(c)(t) dt dr, (12)

where, A(co)
k is defined in (9).

Proof: See Appendix B.

Remark 1: (Relation between ηj,k and λb) From (12), it is clear that the BS densities and

the RLPT parameters, ηj,k are functions of each other, but it is difficult to obtain their explicit

relationship. However, for a simplified scenario (like when K = 1 (i.e., single tier), and p(L)(x) =
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TABLE II RLPT parameter, ηj,k, with different total BS density, λb, and Navg, for a 2-tier UDN, when
λb,1

λb
= 0.2,

λb,2

λb
= 0.8, and ηj,k = η, for all j, k.

λb (/m2) 10−5 10−4 10−3 5× 10−3 10−2 5× 10−2

η (in dB) for Navg = 2 -7.70 -5.85 -4.56 -1.74 -1.02 -0.22

η (in dB) for Navg = 3 -12.22 -9.20 -7.96 -3.19 -1.92 -0.43

0, for all x), we can obtain the relation between η1,1, and λb,1 as λb,1 =
Navgη

2

α(N)
1,1 −1

πh2b,1

(
1−η

2

α(N)
1,1

) . From

this expression, it can be easily shown that
∂η1,1
∂λb,1

> 0, for all Navg > 1. This means for a fixed

average number of cooperating BSs, η1,1 monotonically increases with λb,1, and vice versa. This

shows that as the total BS density increases, the relative received power threshold also needs to

increase, in order to keep the total average number of cooperating BSs fixed. This conclusion is

also verified for the multi-tier UDN as shown in Table. II.

C. Performance Metrics
In order to analyze the performance of the RRLP based CoMP transmission strategy, we

define the following metrics: (a) coverage probability, (b) area spectral efficiency (ASE), and

(c) network energy efficiency (NEE). The coverage probability metric determines the probability

of achieving a desired received SIR threshold. The ASE metric gives a measure of the total

network throughput per unit area, while the NEE determines the information rate per unit energy

consumption in the network.

1) Coverage Probability: From our discussion in section II-B, it is clear that the received

SIR at the typical user depends on the tier, the nature of channel as well as the link distance of

its main link BS. Therefore, for a given desired SIR threshold γ̃, the overall downlink coverage

probability of the typical user for RRLP-based CoMP transmission in a K-tier open access UDN

is given by

Pcov(γ̃,λb)
∆
=

K∑

k=1

∑

co∈{L,N}
A(co)
k

∫ ∞

hk

f
X

(co)
k,o

(r) P
[
γ
(co)
k (r) ≥ γ̃

]

︸ ︷︷ ︸
∆
= pcov(r,k,co,γ̃)

dr , (13)

where λb
∆
= (λb,1, λb,2, · · · , λb,K)T , and γ

(co)
k (r) denotes the received SIR of the typical user,

having main link BS in the k-th tier, with link distance r, and channel co (see (7)).

2) Area Spectral Efficiency (ASE): In the literature, the area spectral efficiency (ASE) metric

has been widely used for network performance analysis, especially in the conventional single BS

association scenario. The ASE measures the spectral efficiency (SE) of users per unit area of the

network, and it is defined as the product of BS density (λb) and the average per-link SE, with
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a minimum required operational SIR, i.e., E [log2(1 + SIR)1 (SIR ≥ γ̃)] [33]–[35]. Utilizing the

definition of average rate in [36], this definition has also been extended to the multi-tier open

access network model [15].

We however note that the above definition of ASE is valid only when the BS density is

significantly smaller than the user density, since it is defined with the assumption of active

transmission of all the BSs. We also note that this definition is not compatible with the scenario,

where a user can associate with multiple BSs (e.g. CoMP). In CoMP transmission, the received

signal power at the user is the power of sum of the received signals from all cooperating BSs

(see (5)). In this scenario, one feasible method for defining the ASE ise to consider the per-user

SE per unit area and define the ASE as a function of the user density. This definition although

holds true in the high BS density scenario, it may not be accurate in the conventional wireless

networks, where the BS density is significantly smaller compared to the user density. Therefore,

in order to bridge this gap in performance measurement at varying BS densities, in this paper,

we define ASE in both ways. The definition of ASE utilizing the BS density (i.e. the transmitter

density in the downlink) is denoted as the transmit ASE (Tx ASE), and the definition of ASE

utilizing the user density is termed as the receive ASE (Rx ASE).

Definition 1: The transmit ASE (Tx ASE) of downlink CoMP transmission for a K-tier open

access network is defined as

St(γ̃,λb) ∆
=

K∑

j=1

λb,jSj(γ̃,λb) . (14)

where Sj(γ̃,λb) is the per-transmission link SE provided by the j-th tier BSs. Note that this

tier-wise per-transmission link SE also depends on the tier and channel of the main link BS in

the RRLP based CoMP transmission strategy, so it can be written as

Sj(γ̃,λb) =
K∑

k=1

∑

co∈{L,N}
A(co)
k R(co)

j,k (γ̃) , (15)

where R(co)
j,k (γ̃) denotes the average contribution of a cooperating BS from the j-th tier in the

per-link SE of the typical user [26], given that its main link BS is in the k-th tier, and has a

channel co. Finally, in order to obtain an estimate of per-link SE for each tier of cooperating

BSs, we define R(co)
j,k (γ̃) as

R(co)
j,k (γ̃)

∆
=

∫ ∞

hk

E




∑
c∈{L,N}

n
(c)
j

N (co)(r)︸ ︷︷ ︸
∆
=ψ

(co)
j,k

log2(1 + γ
(co)
k (r))

N (co)(r)︸ ︷︷ ︸
per-link SE

1

(
γ
(co)
k (r) ≥ γ̃

)



f
X

(co)
k,o

(r) dr (16)
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where ψ
(co)
j,k represents the fractional contribution of the j-th tier BSs in R(co)

j,k (γ̃). Thus, the total

Tx ASE for the CoMP transmission scenario can be given by

St(γ̃,λb) =
K∑

j=1

λb,j

K∑

k=1

∑

co∈{L,N}
A(co)
k R(co)

j,k (γ̃) . (17)

Note that this definition of Tx ASE converges to the ASE definitions in [15], [33]–[35] for the

single BS association scenario (i.e., when N (co)(r) = 1).

Definition 2: The receive ASE (Rx ASE) of the downlink K-tier open-access CoMP network

is given by

Sr(γ̃,λb) ∆
= λuRu(γ̃,λb) (18)

where Ru(γ̃,λb) is the per-user SE, which is defined as

Ru(γ̃,λb) =

K∑

k=1

∑

co∈{L,N}
A(co)
k

∫ ∞

hk

f
X

(co)
k,o

(r)E
[
log2(1 + γ

(co)
k (r))1

(
γ
(co)
k (r) ≥ γ̃

)]
dr . (19)

3) Network Energy Efficiency: The network energy efficiency (NEE) metric can be defined as

the ratio of the ASE and the total average network energy consumption (NEC) per unit area of

the network. The NEC in turn depends on both the transmission energy consumption as well as

the circuit energy consumption at the BSs and users. In the following, we first characterize the

transmission and circuit power consumption parameters at the BSs and users, and then define

the NEE. For the downlink transmission, the total average power consumption at the j-th tier

BS is given by [37]

PBS,j = P
(b)
rf,j + Pfix,j +

1

κj
ςj +

3B

C0 Lb,j
Ūj , (20)

where P
(b)
rf,j is the antenna power consumption, Pfix,j is the fixed power consumption (due to

control signalling, backhaul, site cooling etc.), and 1
κj

means the efficiency of the power amplifier

(PA) at the j-th tier BS. The last term in (20) is the signal processing power consumption at

the BS (due to matched filter processing) [37], which depends on the total bandwidth (B), the

duration of coherence block (in symbols), C0, the computational efficiency of the BS (Lb,j), and

the average number of users associated with a BS in the j-th tier, Ūj . Similarly, the total power

consumption at any user can be characterized as

PUE = P
(u)
rf + Ru(γ̃,λb)B Prate , (21)

where P
(u)
rf is the antenna power consumption at the user and Prate is the rate dependent power

consumption. Thus, the total average power consumption per unit area is given by

Pnec(γ̃,λb) =
K∑

j=1

λb,j PBS,j + λu PUE . (22)
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Using the Tx ASE metric in (14), the transmit NEE (Tx NEE) is given as follows

ξt(γ̃,λb) =
B St(γ̃,λb)
Pnec(γ̃,λb)

. (23)

Similarly, the receive NEE (Rx NEE) is given by using the Rx ASE in (18) as

ξr(γ̃,λb) =
B Sr(γ̃,λb)
Pnec(γ̃,λb)

. (24)

III. COVERAGE PROBABILITY ANALYSIS

In this section, using the definition of conditional SIR, γ
(co)
k (r), we derive the conditional

coverage probability, pcov(r, k, co, γ̃) (see (13)). We note that pcov(r, k, co, γ̃) depends on the

distribution of both P
(co)
comp(r) and I(co)(r). In the following, we first analyze the distribution of

P
(co)
comp(r), and then using this distribution, derive an expression for pcov(r, k, co, γ̃). Following this,

we also present the analytical expression of the coverage probability for the simplified special

case of NLoS link only scenario.

A. Coverage Probability

From (5), it is clear that the distribution of the received signal power for a given main link

BS in the k-th tier with channel co and link distance r (i.e., P
(co)
comp(r)) is determined by not only

the number of cooperating BSs, N (co)(r), but also the individual link distances and channels

of the BSs in the cooperation set. Note that even with a given main link, the above mentioned

parameters are likely to vary from one user to another, and therefore in general it is difficult

to characterize the exact distribution of P
(co)
comp(r). Hence, in this section, we first fix the BS

cooperation set for the typical user and then attempt to analyze the distribution of P
(co)
comp(r). For

instance, where the main link BS for the typical user is in the k-th tier with link distance r and

channel co, we assume that the number of other cooperating BSs in the j-th tier with channel c

is n
(c)
j , i.e., from (10), we have

N
(co)
j (r) =





n
(L)
j + n

(N)
j , if j 6= k

n
(L)
j + n

(N)
j + 1, if j = k

. (25)

Clearly, the total number of cooperating BSs for the typical user is N (co)(r) =
K∑
j=1

N
(co)
j (r) =

1+
K∑
j=1

∑
c∈{L,N}

n
(c)
j . Without loss in generality, we next index these other associated BSs (excluding

the main link BS) in each tier as follows. The j-th tier BSs with LoS channel are indexed in the

range [1, n
(L)
j ], and the BSs with NLoS channel are indexed in the range [n

(L)
j + 1, n

(L)
j + n

(N)
j ].

Thus, a j-th tier BS with channel c has a link distance xj,i to the typical user, where i ∈ [1, n
(L)
j ],

if c = L, and i ∈ [n
(L)
j + 1, n

(L)
j + n

(N)
j ], if c = N.
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In the following proposition, we now show that the distribution of P
(co)
comp(r) can be approxi-

mated to Gamma distribution for a given set of cooperating BSs.

Proposition 1: For a given set of cooperating BSs, P
(co)
comp(r) can be approximately Gamma

distributed with shape and scale parameters ζ(̺), and β(̺), where

̺
∆
= (x̄1, · · · , x̄K , r, co, k) (26)

and x̄j
∆
= (xj,1, . . . , xj,n(L)

j
, x

j,n
(L)
j +1

, . . . , xj,n(L)+n(N)). Here, ζ(̺) and β(̺) are respectively given

by

ζ(̺) =
(µ2 + Ω)2

Ω1

, and β(̺) =
Ω1

µ2 + Ω
. (27)

Here µ and Ω are defined as

µ =τL,1

K∑

j=1

n
(L)
j∑

i=1

x
−α(L)

2
j,i + τco,1r

−α(co)

2 + τN,1

K∑

j=1

n
(L)
j +n

(N)
j∑

l=n
(L)
j +1

x
−α(N)

2
j,l (28)

Ω = χcor
−α(co)

+ χL

K∑

j=1

n
(L)
j∑

i=1

x−α
(L)

j,i + χN

K∑

j=1

n
(L)
j +n

(N)
j∑

l=n
(L)
j +1

x−α
(N)

j,l (29)

where τc,w
∆
=

Γ(m(c)+ 1
2
w)

Γ(m(c))(m(c))w/2 (w ∈ Z
+),7 and χc

∆
= 1 − τ 2c,1 (c ∈ {L,N}). In (27), Ω1

∆
=

ξ − (µ2 + Ω2)2, where ξ is given by [38, eq. 6]

ξ =
4∑

s0=0

s0∑

s1=0

· · ·
s
N(co)(r)−2∑

s
N(co)(r)−1

=0

(
4

s0

)(
s0

s1

)
· · ·
(
sN(co)(r)−2

sN(co)(r)−1

) ∏

j=1,2,...,K;

i=1,2,...,n
(L)
j ;

l
(L)
j,i =

j−1∑
t=1

n
(L)
t +n

(N)
t +i

∏

q=1,2,...,K;

v=1,2,...,n
(N)
q ;

l
(N)
q,v=

q−1∑
t=1

n
(L)
t +n

(N)
t +v

× τL,s
l
(L)
j,i

−s
l
(L)
j,i

−1
x

−α(L)

2

(
s
l
(L)
j,i

− s
l
(L)
j,i

−1

)

j,i τN,s
l
(N)
q,v

−s
l
(N)
q,v−1

x
−α(N)

2

(
s
l
(N)
q,v

− s
l
(N)
q,v−1

)

q,v . (30)

Proof: Since g
(c)
j,i ∼ Γ

(
m(c), 1

m(c)

)
, from (2), we observe that for a given xj,i and a given

channel c,

√
P

(c)
j (xj,i) is Nakagami-m distributed. Thus, from (5), it is clear that P

(co)
comp(r) is

the squared sum of independent Nakagami-m random variables. In [38], it has been shown

that such a sum of independent Nakagami-m random variables with different parameters can

be approximated with sufficient accuracy to a Nakagami-m distributed random variable, whose

parameters can be computed from the moments of the component random variables. Using

this principle, from (5), we infer that

√
P

(co)
comp(r) is also approximately Nakagami-m distributed,

7
Z

+ denotes the set of positive integers.
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whose mean and variances are given by (28) and (29), respectively. Clearly, the distribution of

P
(co)
comp(r) can therefore be approximated to be a Gamma distribution whose parameters are given

by (27).

Remark 2: (Impact of λb on received signal power distribution) From (27)-(30), it is clear

that both ζ(̺) and β(̺) are depending on the link distances of the cooperating BSs. From the

expressions of µ and Ω, we also observe that the actual dependence of ζ(̺) on the link distances

is negligibly small since both the numerator and denominator in its expression have the same

dependence on the link distances. For instance, if we consider the special scenario, where all

the LoS and NLoS cooperating BSs are in the maximum distance away from the typical user

(i.e., the worst CoMP set scenario), we have xj,i = η
− 1

αL

j,k r
(L)
j for any LoS cooperating BS, and

x
j,i+n

(L)
j

= η
− 1

αN

j,k r
(N)
j for any NLoS cooperating BS, where r

(c)
j =

(
ςj
ςk

) 1

α(c)

r
α(co)

α(c) . Even with this

worst case scenario, µ, Ω, and Ω1 are respectively proportional to r−α
(co)/2, r−α

(co)
, and r−2α(co)

.

This shows that ζ(̺) is independent of r (the main link distance), while β(̺) is proportional

to r−α
(co)

. In short, β(̺) increases as the main link distance r decreases, i.e., as the total BS

density increases. An increase in β(̺) also causes a larger deviation in the received signal power

from its mean, which in turn increases the probability of outage.

From the definition of the conditional SIR for a given main link BS, in the following, we can now

derive pcov(r, k, co, γ̃), using the approximated received signal power distribution in Proposition 1,

where the typical user has its main link BS in the k-th tier with link distance r and channel co.

Theorem 1: The conditional coverage probability for a given main link BS in the k-th tier

with link distance r and channel co can be expressed as a function of γ̃ as

pcov(r, k, co, γ̃) =

∞∑

n
(L)
1 =0

∞∑

n
(N)
1 =0

· · ·
∞∑

n
(L)
K =0

∞∑

n
(N)
K =0






K∏

w=1

∏

c∈{L,N}

(
Λ

(c)
w

)n(c)
w

n
(c)
w !

e−Λ
(c)
w

︸ ︷︷ ︸
∆
= f1(λb)






∫ R
(c′)
j

r
(c′)
j︸ ︷︷ ︸

j=1,2,...,K; c′∈{L,N};
total

∑K
j=1(n

(L)
j +n

(N)
j )

integrals

×
K∏

j=1

(2πλb,j)
n
(L)
j +n

(N)
j

(Λ
(L)
j )n

(L)
j (Λ

(N)
j )n

(N)
j

n
(L)
j∏

i=1

n
(N)
j∏

l=1

xj,i xj,l+n(L)
j
p(L)(xj,i) p

(N)(x
j,l+n

(L)
j
)

︸ ︷︷ ︸
∆
=f2(λb)

pcov(γ̃,̺) dxj,idxj,l+n(L)
j︸ ︷︷ ︸

i=1,2,··· ,n(L)
j ;l=1,2,··· ,n(N)

j ;

j=1,2,...,K

(31)

where ̺ = {x̄1, · · · , x̄K , r, co, k}, Λ
(c)
j

∆
= 2πλb,j

∫ R(c)
j

r
(c)
j

t p(c)(t)dt, r
(c)
j = θ

(c)
j (r, co), R

(c)
j =

η
−1/α(c)

j,k r
(c)
j (c ∈ {L,N}). In (31), pcov(γ̃,̺) is given by
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pcov(γ̃,̺) =

k0(̺)−1∑

m=0

(−1)m

m!

(
γ̃

β(̺)

)m
L(m)
I

(
γ̃

β(̺)

)
(32)

where k0(̺) ∈ {⌊ζ(̺)⌋, ⌈ζ(̺)⌉}, and L(m)
I (s) denotes the m-th order derivative of LI(s) ∆

=

E

[
e−s I

(co)(r)
]
, i.e.,

L(m)
I (s) =





e
−2π

K∑
j=1

∑
c∈{L,N}

λb,j∆j,c(s)

, m = 0

−2π
K∑
j=1

λb,j
∑

c∈{L,N}

m−1∑
i=0

(
m−1
i

)
L(i)
I (s)∆

(m−i)
j,c (s), m > 0

, (33)

where ∆
(m)
j,c (s) is given by

∆
(m)
j,c (s) =






∫∞
R

(c)
j

(
1− E

[
e−sςjgz

−α(c)
])

z p(c)(z)dz, m = 0

(−1)m+1
∫∞
R

(c)
j
ςmj E

[
gme−sςjgz

−α(c)
]
z−mα

(c)+1p(c)(z)dz, m > 0
. (34)

Proof: See Appendix C.

The conditional coverage probability pcov(r, k, co, γ̃) computed in Theorem 1 represents the

coverage probability for the scenario, where the main link BS for the typical user is in the k-th

tier and has a channel co and link distance r. Substituting this expression along with (9) in

(13), we can compute the overall coverage probability Pcov(γ̃,λb) for the typical user in K-tier

open-access UDN with the RRLP-based CoMP transmission in the downlink.

Corollary 1: The conditional coverage probability in (31) first increases with the total BS

density λb = 1
Tλb =

K∑
j=1

λb,j , and then decreases.

Proof: From (34), we observe that (−1)m−1∆
(m)
j,c (s) is a positive quantity, and can be

approximately bounded as

(−1)m−1∆
(m)
j,c (s) ≥ p(c)(R

(c)
j )

1

α(c)
s

2

α(c)
−m
ς

2

α(c)

j E

[
g

2

α(c) γ

(
m− 2

α(c)
, sςjgηj,kr

−α(co)

)]
.

Using this in (33), we can show that (−1)mL(m)
I (s) > 0, for all s > 0. Using (33) and (34)

in (32), we observe that pcov(γ̃,̺) is the positive sum of the terms with the form xe−x. Here

x is proportional to λb,j . Note that since any function with form xe−x has a single maximum

point, all the terms in the summation in (32) have their unique maxima point as well. Therefore,

the overall sum, i.e., pcov(γ̃,̺) in (32) also first increases with λb,j (j = 1, 2, . . . , K), and then

decreases. From (31), we can note that f1(λb) has also the form similar to xe−x, and therefore

first increases and then decreases with λb. Additionally, f2(λb) is independent of λb. Therefore,

we can conclude that pcov(r, k, co, γ̃) which is product of pcov(γ̃,̺), f1(λb), and f2(λb) would

first increase with λb, and then decrease.

From Corollary 1 and (13), we can also see that the overall coverage probability, Pcov(γ̃,λb),

is expected to first increase and then decrease with the total BS density, λb. This can also be
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intuitively explained as follows. As BS density increases, the probability that a cooperating BS

has LoS link to the user increases, which in turn increases the received signal power. In this

regime, however, the increase in the received signal power is not significant due to longer link

distances, and therefore the coverage probability increases with the BS density. However, for large

BS density, the increase in received signal power less dominantly affect the coverage probability

than the increase in interference power received from non-cooperating LoS BSs. Therefore, the

overall coverage probability in (13) rapidly degrades with BS density. This conclusion is also

supported in Fig. 2 and Fig. 4.

B. Special Case: Performance Analysis for Rayleigh Fading Channel

In the following, we provide the coverage probability of the K-tier UDN scenario, with the

RRLP-based CoMP transmission, for a special case. Here, we assume p(L)(x) = 0, i.e., all BSs

in the network are NLoS BSs, and the small scale fading is Rayleigh distributed (i.e., channel

coefficients are independent and have complex Gaussian distribution with zero mean and unit

variance). With this assumption, in the following, we derive an expression of the coverage

probability.

Lemma 3: The coverage probability for the K-tier UDN with all NLoS BSs and Rayleigh

fading channel is given by

Pcov(γ̃,λb) =

K∑

k=1

2π λb,k

∫ ∞

hk

r exp

{
−π

K∑

j=1

λb,j(ν
2
j,k r

2 − h2j )

} ∞∑

n1=0

· · ·
∞∑

nK=0

{
K∏

l=1

(Λl)
nl

nl!
e−Λl

}

×
∫ Rj

r︸︷︷︸
j=1,2,...,K;

total
∑K

j=1 nj integrals

(
2

r2

)n1+···+nK
nj∏

i=1

xj,i

(η
− 2

α
j,k − 1)

LI



γ̃
(
ςkr

−α +

K∑

j=1

nj∑

i=1

ςjx
−α
j,i

)−1


 dx dr , (35)

where α > 2 is the pathloss exponent, x
∆
= {x1,1, . . . , x1,n1 , · · · , xK,1, . . . , xK,nK

} denotes the

link distances of all cooperating BSs (excluding the main link BS), and nj is the number of such

cooperating BSs in the j-th tier (j = 1, 2, · · · , K). Here, Λj = πλb,jr
2(η

− 2
α

j,k −1), Rj = η
− 1

α
j,k r, and

νj,k
∆
=
(
ςj
ςk

) 1
α

(k = 1, 2, · · · , K). Finally, LI(s) is the Laplace transform of the total interference

power and is given by

LI(s) = exp

{
−π

K∑

j=1

λb,j

2
α
s ςj R

2−α
j

1− 2
α

2F1

(
1, 1− 2

α
; 2− 2

α
;−s ςj R−α

j

)}
, (36)

where 2F1(a, b; c; z) represents the Gauss hypergeometric function.

Proof: See Appendix D.
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TABLE III UDN System Parameters [31], [39]

Parameters Descriptions Values Parameters Descriptions Values

ς1 Downlink Tx. power (1st tier) 44 dBm ς2 Downlink Tx. power (2nd ier) 33 dBm

hb,1 BS antenna height (1st tier) 25 m hb,2 BS antenna height (2nd tier) 10 m

hu User antenna height 1.5 m γ̃ SIR Threshold 0 dB

Υ Average number of buildings/

unit area

300/km2 ε Fraction of network area cov-

ered by buildings

0.5

ρ Average building height 20 m

From (35), it is clear that the conditional coverage probability is determined by LI(s), where

s = γ̃

(
ςkr

−α +
K∑
j=1

nj∑
i=1

ςjx
−α
j,i

)−1

. From (36), it is also observed that for any value of s, LI(s)

monotonically decreases with λb. In short, for the special case, the coverage probability is

expected to decrease, as the total BS density increases. This conclusion is also supported from

Fig. 2. This essentially proves that the conventional scenario with all NLoS BSs and Rayleigh

fading channel cannot completely characterize the performance in UDN channels.

C. Evaluation of ASE Metrics

From Section II-C, we note that the Tx ASE metric requires computation of the average

fractional contribution of each tier of BSs in the SE of a user (see (14)-(17)). Therefore it

requires numerical averaging of the per-link SE expression in (16).

On the other hand, however, the Rx ASE metric requires evaluation of the per-user SE (see

(18)), and therefore can be evaluated from the coverage probability. From the definition of per-

user SE, Ru(γ̃,λb), in (19), we have

Ru(γ̃,λb) =

K∑

k=1

∑

co∈{L,N}
A(co)
k

∫ ∞

hk

f
(co)
Xk,o

(r)E
[
log2(1 + γ

(co)
k (r))1

(
γ
(co)
k (r) ≥ γ̃

)]
dr

(a)
=

K∑

k=1

∑

co∈{L,N}
A(co)
k

∫ ∞

hk

f
(co)
Xk,o

(r)

∫ ∞

γ̃

log2(1 + t)f
γ
(co)
k (r)

(t)dt dr (37)

where step (a) follows from the fact that f
γ
(co)
k (r)

(.) is the pdf of the conditional SIR γ
(co)
k (r),

and is given by f
γ
(co)
k (r)

(γ)
∆
= ∂

∂γ
[1− pcov(r, k, co, γ)], whereas pcov(r, k, co, γ) is computed using

Theorem 1.

IV. SIMULATIONS AND DISCUSSIONS

In this section, we first validate our analysis of the coverage probability expression in Sec-

tion III, and then investigate the performance of the RRLP-based CoMP transmission in multi-tier
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Fig. 2 Pcov(γ̃, λb) as a function of λb for the RRLP-based CoMP transmission with 1-tier UDN (i.e., K = 1), for

Navg = 2 in (1) the NLoS only scenario, and (2) the scenario with both LoS and NLoS.

UDN in a dense urban scenario. For the simulations in the dense urban scenario, we consider a

K = 2-tier UDN network, with an area of 10 sq.km, consisting of macro and micro BSs. The

system parameter values are considered according to the recommendations of ITU [39], and are

listed in Table III. We also assume that the pathloss exponents for LoS and NLoS links are

fixed and are respectively given by α(L) = 2.5 and α(N) = 3.5. The Nakagami-m parameter for

channel fading gain is taken to be m(L) = 10 and m(N) = 1 for LoS and NLoS links respectively.

Throughout this section, for simulations, we assume that the user density in the network is

constant and equal to λu = 3× 10−3/m2. [23]

A. Validation of Analytical Result for the Special case in Section III-B

In Fig. 2, we have plotted the coverage probability for the NLoS channel only scenario as a

function of SIR threshold γ̃ for different values of the BS density in a K = 1-tier network, i.e.,

λb,1 = λb. For this simulation, we assume Navg = 2, i.e., on average 2 BSs associate with a user.

We also assume α(N) = α = 4, and the transmission power parameters are adopted from Table II.

For comparison, we also numerically evaluate the expression in (35), and plot in Fig. 2. It is

observed that there is negligible difference between these two plots, which verifies our analysis.

We also observe that as the BS density increases, the coverage probability monotonically

decreases in the NLoS channel only scenario. However, in the UDN environment this does

not hold true. Since in the UDN environment both the LoS and NLoS channels appear, with

increasing BS density, the probability of LoS BSs associating with the typical user increases,

which in turn improves the overage performance (see the plots for UDN scenario with LoS/NLoS
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Fig. 3 Pcov(γ̃,λb) as a function of
λb,1

λb
with Navg = 2, 3.

channels in Fig. 2). However, beyond a critical BS density, the increase in interference power

due to more interfering LoS BSs begin to dominate and the coverage performance begins to

degrade. This shows that for any given SIR threshold, there exists an optimum BS density

which maximizes the coverage probability of the UDN with CoMP transmission. Note that this

conclusion also holds true for the multi-tier UDN scenario (see Fig. 3).

B. BS density ratio vs. Coverage Probability

In Fig. 3, we first plot Pcov(γ̃,λb) as a function of the ratio of 1st tier BS density to the total

BS density, i.e.,
λb,1
λb

, (λb = 1
Tλb =

K∑
j=1

λb,j) for different values of λb = 10−4/m2, 5× 10−4/m2,

and 10−3/m2 respectively. For this plot, we consider the average number of cooperating BSs,

Navg fixed. We observe that for a given Navg and λb, Pcov(γ̃,λb) first increases with
λb,1
λb

, and

beyond a critical value of this ratio, it begins to decrease. This is due to the fact that when

λb is small, the probability of a user associating with a 1st tier BS increases with 1st tier BS

density (since both the transmission power and LoS probability are higher for 1st tier BSs).

However, beyond a critical value of the BS density ratio, this increase in 1st tier BS density

significantly increases the total received interference power, which in turn degrades the received

SIR, and therefore Pcov(γ̃,λb) decreases. We also observe that this critical
λb,1
λb

, that maximizes

Pcov(γ̃,λb), decreases with λb. In other words, at high BS densities, it is optimum to have all

cooperating BSs in the 2nd tier. This critical
λb,1
λb

is also observed to increase with Navg (see

the plots for λb = 5 × 10−4/m2). This is due to the fact that increasing Navg tends to mitigate

more interference power, thereby allowing us to tolerate higher increase in 1st tier BS density
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Fig. 4 St(γ̃,λb) as a function of λb in 2-tier UDN for the following transmission scenarios: (a) Without CoMP;

(b) FNSB-based CoMP (in [21]); (c) ARLP-based CoMP (in [23]) and (d) RRLP-based CoMP.

for a given λb. This also shows that the RRLP based CoMP has higher interference mitigation

capability when compared to the conventional transmission without CoMP.

C. Impact of Total BS density

Next in Fig. 4, keeping
λb,1
λb

= 0.2 fixed,8 we plot Pcov(γ̃,λb) as a function of λb for Navg = 2

and also for Navg = 3, and compare with the traditional non-CoMP transmission performance

[8], [15]. This comparison shows significant performance improvement with CoMP, even for

small BS density regime. For this scenario, we also plot the St(γ̃,λb) and Sr(γ̃,λb) metrics

(see Fig. 5 and Fig. 6 respectively). It is observed that both the coverage probability and ASE

metrics first improve with λb, and beyond a critical λb, they begin to decrease. This is due to

the fact that in the small λb regime, the probability that the cooperating BSs would have LoS

links increases with the BS density, λb. This in turn significantly improves the received signal

power. On the other hand, in the large λb regime, the increase in the total interference power

due to the higher number of LoS interference links dominates the SIR, and therefore, the overall

performance degrades with λb.

We also compare the performance of the RRLP-based CoMP scheme with existing other

schemes such as the ARLP-based CoMP scheme [23], of which CoMP set includes BSs with

higher ARLP than a certain threshold, and the fixed N-strongest BS (FNSB)-based CoMP scheme

[21] (see Fig. 4). It is observed that in the small BS density regime, the ARLP-based CoMP

8The
λb,1

λb
ratio is chosen to be 0.2, since it is observed to maximize the coverage probability in the network for a conventional

moderate total BS density (in the order of 10−4/m2).
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Fig. 5 St(γ̃,λb) as a function of λb in 2-tier UDN for the following transmission scenarios: (a) Without CoMP;

(b) FNSB-based CoMP (in [21]); and (c) RRLP-based CoMP.

scheme performs worse, while the FNSB-based CoMP scheme performs better than the RRLP-

based CoMP scheme. When λb is sufficiently large, the ARLP values can be large; so, for a

fixed Navg, the RRLP-based and ARLP-based CoMP schemes would have similar CoMP set size

mostly. Therefore, in the large λb regime, the performances of these two schemes track each

other very closely. Additionally, the probability of having a larger CoMP set than Navg being

high, which is more than enough to compensate the cases with the CoMP set size less than

Navg. Therefore, the performance of these two schemes exceeds that of the FNSB-based CoMP

scheme. Similar performance trend is also observed for both the Tx ASE and Rx ASE metrics.

For instance, with the Tx ASE metric, St(γ̃,λb), for λb = 5 × 10−3/m2, and Navg = 2, the

RRLP-based CoMP scheme out-performs the FNSB-based CoMP scheme by almost 24%.

Comparison with Actual BS Deployment: In Fig. 4, we also plot the coverage probability of

the RRLP-based CoMP scheme, where the 1st tier BSs are deployed in a hexagonal grid (as

conventional macro BSs), while the distribution of the second tier BSs follows a PPP (marked

by ‘Hex 1st tier’ in Fig. 4). The 1st tier BSs are assumed to be located at the center of hexagons,

with a single sector and omni-directional beam pattern. This BS location distribution is adopted

from [40]. In conventional HetNets, it is shown that the hexagonal grid-based deployment of

BSs can provide higher performance than the PPP-based deployment [41], we can also see that

when the RRPL-based CoMP scheme is applied in UDN, the hexagonal grid-based deployment

of 1st tier BSs provides higher coverage probability, but the performance gap becomes smaller

at higher BS densities.This means our analysis with PPP-based deployment of 1st tier BSs can

also give a useful guideline in UDN, even for the hexagonal grid-based deployment case.
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Fig. 6 Sr(γ̃,λb) as a function of λb in 2-tier UDN for the following transmission scenarios: (a) Without CoMP;

(b) FNSB-based CoMP (in [21]); and (c) RRLP-based CoMP.

TABLE IV Communication & Power Consumption Parameters (j = 1, 2) [37], [42]

Parameters Descriptions Values Parameters Descriptions Values

P
(b)
rf,j Antenna power at BS 1 Watt P

(u)
rf Antenna power at user 0.01 Watt

Pfix,j Fixed power consumed at BS 18 Watt Prate Rate dependent power 0.8 Watt
Gbits/sec

Bc Coherence bandwidth 200 kHz Tc Coherence Time 1 ms

1
κj

Power efficiency of PA 0.39 Lb,j Computational efficiency of BS 12.8 Gflops

Watt

C0 Duration of coherence block Bc Tc B Communication Bandwidth 20 MHz

D. Network Energy Efficiency (NEE) Performance

Finally, we analyze the NEE performance of our RRLP CoMP scheme as a function of λb,

for a given Navg. We assume the values of various transmission and circuit power consumption

parameters as listed in Table IV. To analyze the NEE performance, we plot both the Tx NEE,

ξt(γ̃,λb), and Rx NEE, ξr(γ̃,λb) as functions of λb (see Fig. 7, and Fig. 8). We also plot

the NEE corresponding to the scenario without CoMP transmission. It is observed that in the

high λb scenarios, our CoMP scheme out-performs the conventional non-CoMP transmission,

in terms of achievable NEE (in contrast to the low λb scenario). Furthermore, for a given λb

in this regime, we also observe that NEE improves with increasing Navg. This shows that in

UDN, our CoMP transmission strategy not only provides an improved performance in terms

of both coverage probability and ASE, but also is more energy efficient when compared to the

conventional transmission without CoMP.
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Fig. 7 ξt(γ̃,λb) as a function of λb in 2-tier UDN for the following transmission scenarios: (1) without CoMP; and

(2) with RRLP-based CoMP, Navg = 2, 3.
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Fig. 8 ξr(γ̃,λb) as a function of λb in 2-tier UDN for the following transmission scenarios: (1) without CoMP;

and (2) with RRLP-based CoMP, Navg = 2, 3.

V. CONCLUSION

In this paper, we introduce a relative received link power based CoMP transmission strategy for

UDN. Considering the ARLP of the strongest BS to the typical user, we include the other BSs in

the cooperation set when their ARLP exceed a certain ratio of the strongest BS’s ARLP. For this

CoMP scheme, we analyze the coverage probability, ASE and NEE in a K-tier UDN network,

and we show that the coverage probability for this scheme first increases and then decreases

with λb. From the simulation results, it is also observed that the RRLP-based CoMP scheme can

outperform the FNSB-based CoMP scheme when the total BS density is high. Furthermore, we

also show that the RRLP-based CoMP scheme is more energy efficient when compared to the

conventional transmission scenario without CoMP in the high BS density regime.
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To realize the CoMP transmission in practice, the support of the reliable backhaul links is

essential as BSs need to exchange informations such as channel state, synchronization, and user

data. Recently, the wireless backhaul is also considered as a more realistic implementation of

backhaul in UDN. This opens several issues for future research such as efficient CoMP design

with limited backhaul link capacity in UDN and the frequency resource management for access

and backhaul links.

APPENDIX

A. Proof of Lemma 1

Note that the conditional cumulative distribution of X
(co)
k,o for a given main link BS in the k-th

tier with channel co, is given by

P

[
X

(co)
k,o ≤ r

∣∣∣co, k
]
= 1− P

[
X

(co)
k,o ≥ r

∣∣∣co, k
]
= 1−

P

[
X

(co)
k,o ≥ r, co, k

]

A(co)
k

. (38)

where A(co)
k is the tier association probability for the main link BS, and P

[
X

(co)
k,o ≥ r, co, k

]

denotes the probability that all BSs with channel c 6= co in the k-th tier and BSs from other tiers

do not have their ARLP higher than that of the designated main link BS.

Next we first define the void probability and contact distance distribution for the multi-tier

UDN scenario, using which we can derive the expressions for A(co)
k and P

[
X

(co)
k,o ≥ r, co, k

]
.

Let us consider the k-th tier BSs in the network, with channel c to the typical user, and their

corresponding PPP is given by Φ
(c)
b,k. Let Y

(c)
k denote the variable representing the horizontal

distance of the nearest BS in this tier and let X
(c)
k =

√
(Y

(c)
k )2 + h2k denote the corresponding

link distance variable. Thus the void probability for the above mentioned BSs would be given

by V
(c)
k (Y

(c)
k = y) = P

[∣∣∣Φ(c)
b,k (B(o, y))

∣∣∣ = 0
]

= e−2πλb,k
∫ y
0 t p

(c)(
√
t2+h2k) dt.9 Correspondingly,

the contact distance distribution can be computed as follows f ′
Y

(c)
k

(y)
∆
= ∂

∂y

{
1− V

(c)
k (y)

}
=

2πλb,kyp
(c)(
√
y2 + h2k)V

(c)
k (y). Substituting Y

(c)
k with the link distance X

(c)
k in the expressions

of void probability and contact distance distribution, we have

V
(c)
k (X

(c)
k = x) = e

−2πλb,k
∫ x
hk
t p(c)(t)dt

, and f ′
X

(c)
k

(x) = 2πλb,kxp
(c)(x) V

(c)
k (x) . (39)

Now we derive an expression for A(co)
k as follows. From our discussion of the CoMP transmission

strategy in Section II-B, it is clear that the main link BS for the typical user is in the k-th tier,

with channel co if and only if P̄
(co)
k (xo) > P̄

(c)
j (xj,i), for all (k, co) 6= (j, c) (j = 1, 2, · · · , K,

and c ∈ {L,N}). Therefore, we have

9B(o, y) is a ball of radius y with center at origin, and

∣∣∣Φ(c)
b,k (B(o, y))

∣∣∣ is the number of BSs from PPP Φ
(c)
b,k in B(o, y).
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A(co)
k =

∫ ∞

hk

f ′
X

(co)
k,o

(x)P
[
xj,i > θ

(c)
j (x, co), (k, co) 6= (j, c), ∀ i ∈ φ

(c)
b,j , j ∈ {1, 2, . . . , K}

]
dx

=

∫ ∞

hk

f ′
X

(co)
k,o

(x)
∏

(k,co) 6=(j,c)

j∈{1,2,...,K};c∈{L,N}

V
(c)
j

(
θ
(c)
j (x, co)

)
dx . (40)

where θ
(c)
j (x, co) =

(
ςj
ςk

) 1

α(c)

x
α(co)

α(c) . Finally, using (39) in (40), we obtain (9). Using (39) in the

definition of P
[
X

(co)
k,o ≥ r, co, k

]
, we have

P

[
X

(co)
k,o ≥ r, co, k

]
=

∫ ∞

r

f ′
X

(co)
k,o

(x)P
[
P̄

(c)
j (xj,i) < P̄

(co)
k (x), (k, co) 6= (j, c), ∀ i ∈ φ

(c)
b,j

]
dx

=

∫ ∞

r

f ′
X

(co)
k,o

(x)
∏

(k,co) 6=(j,c)

j∈{1,2,...,K};c∈{L,N}

V
(c)
j

(
θ
(c)
j (x, co)

)
dx (41)

where f ′
X

(co)
k,o

(x) and V
(c)
j (x) are defined in (39). Substituting (41) in (38) after using (39), and

differentiating with respect to r, we get (8).

B. Proof of Lemma 2

The average number of cooperating BSs in the j-th tier for the typical user, whose main link

BS is in the k-th tier with channel co, is given by

N̄
(co)
j (xk,o)

(a)
= E



∑

c∈{L,N}

∑

i∈φ(c)
b,j

1

(
xj,i ≤ θ

(c)
j (xk,o, co) η

− 1

α(c)

j,k

) ∣∣∣co, xk,o




(b)
= 2πλb,j

∑

c∈{L,N}

∫ θ
(c)
j (xk,o,co)η

− 1

α(c)

j,k

hj

t p(c)(t) dt , (42)

where (a) follows from (10), (b) follows from the Campbell’s theorem [43], and p(c)(x) is the

probability of having channel environment c for a link distance x. Clearly, the total average

number of associated BSs for the typical user for the CoMP transmission scenario is given by

Navg =

K∑

k=1

∑

co∈{L,N}
A(co)
k Exk,o

[
K∑

j=1

N̄
(co)
j (xk,o)

]
, (43)

where A(co)
k is the probability that the typical user has its main link BS in the k-th tier with

channel co. Substituting (42) in (43), and using (8), we obtain (12).

C. Proof of Theorem 1

Let us first consider the distribution of BSs from the j-th tier with channel c to the typical user

(c ∈ {L,N}). The set of such BSs is given by φ
(c)
b,j , and in the link distance x to x+dx (dx→ 0)

from the typical user, the density of such BSs would be given by 2 πλb,j x p
(c)(x) dx. Any BS

from this set will be included in the CoMP set, if its corresponding link distance lies in the
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following region x ∈ [r
(c)
j , R

(c)
j ], where R

(c)
j is obtained from the CoMP set formation criterion

in (3) and r
(c)
j is obtained from the fact that for any BS i from the j-th tier, P̄

(c)
j (xj,i) < P̄

(co)
k (r),

where r is the main link distance. Clearly, r
(c)
j = θ

(c)
j (r, co), and R

(c)
j = η

−1/α(c)

j,k r
(c)
j .

Let N
(c)
j denote the number of cooperating BSs in the j-th tier (j = 1, 2 . . . , K) with channel c,

excluding the main link BS. Since the BS distribution of the j-th tier follows a PPP, following the

Slivnyak’s theorem [44], N
(c)
j can be described as a Poisson random variable, with mean Λ

(c)
j =

2πλb,j
∫ R(c)

j

r
(c)
j

t p(c)(t) dt. Therefore, its probability mass function is given by P

[
N

(c)
j = n

(c)
j

]
=

(Λ
(c)
j )

n
(c)
j

n
(c)
j !

e−Λ
(c)
j . Now, denoting the vectors of link distances from the j-th tier cooperating BSs

as x̄j , we represent the coverage probability for a given set of cooperating BSs as pcov(γ̃,̺),

where ̺ = {x̄1, · · · , x̄K , r, co, k}. Clearly, the overall coverage probability for a given main link

BS in the k-th tier with channel co and link distance r is given by

pcov(r, k, co, γ̃) =

∞∑

n
(L)
1 =0

∞∑

n
(N)
1 =0

· · ·
∞∑

n
(L)
K =0

∞∑

n
(N)
K =0






K∏

j=1

∏

c∈{L,N}
P

[
N

(c)
j = n

(c)
j

]
E [pcov(γ̃,̺)]




 . (44)

Here E [.] is taken over ̺, i.e.,

E [pcov(γ̃,̺)] =

∫ R
(c)
j

r
(c)
j︸ ︷︷ ︸

n
(c)
j times;

j=1,2,...,K;

total
K∑

j=1
(n

(L)
j +n

(N)
j ) integrals

K∏

j=1

n
(L)
j∏

i=1

n
(N)
j∏

l=1

f
X

(L)
j,i

(xj,i) fX(N)
j,l
(x

j,l+n
(L)
j
)pcov(γ̃,̺) dxj,i︸︷︷︸

j=1,2,...,K;

i=1,2,...,n
(L)
j

dx
j,l+n

(L)
j︸ ︷︷ ︸

j=1,2,...,K;

l=1,2,...,n
(N)
j

(45)

where f
X

(c)
j,i
(.) denotes the pdf of i-th cooperating BS from the j-th tier with link type c, for the

given main link BS. Not distinguishing among these cooperating BSs in terms of link distance,

the conditional link distance distribution is given by

f
X

(c)
j,i
(x) =

∂

∂x

{
1

Λ
(c)
j

2πλb,j

∫ x

r
(c)
j

t p(c)(t)

}
=

2πλb,j

Λ
(c)
j

xp(c)(x). (46)

Using (45) and (46) in (44), we obtain (31). Finally, for a given cooperation set of BSs,

pcov(γ̃,̺) is given by

pcov(γ̃,̺)
(a)
= E

[
Γ(ζ(̺), γ̃

β(̺)
)

Γ(ζ(̺))

]
k0(̺)=⌊ζ(̺)⌋

≥
<

k0(̺)=⌈ζ(̺)⌉

k0(̺)−1∑

m=0

(−1)m

m!
E

[(
γ̃ I(co)(r)

β(̺)

)m
e
− γ̃

β(̺)
I(co)(r)

]

=

k0(̺)−1∑

m=0

(−1)m

m!

(
γ̃

β(̺)

)m
L(m)
I

(
γ̃

β(̺)

)
. (47)

where step (a) follows from the fact that the received signal power is approximately Gamma

distributed with parameters ζ(̺) and β(̺) (see Proposition 1). Here, LI(s) is the Laplace
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transform of I(co)(r). Using the definition of probability generating functional from [44] in

the definition of LI(s), we get (33) and (34), by using Leibniz integral rule [45].

D. Proof of Lemma 3

From the coverage probability definition in (13), we have

Pcov(γ̃,λb) =

K∑

k=1

Ak

∫ ∞

hk

fXk,o
(r)pcov(r, k, γ̃)dr . (48)

where Ak is the probability that the main link BS is in the k-th tier. The main link distance is

denoted as Xk,o and fXk,o
(r) is its pdf. Finally, pcov(r, k, γ̃) is the conditional coverage probability,

corresponding to the main link BS in the k-th tier with main link distance r. Firstly, using

Lemma 2, from (9) we have Ak =
∫∞
hk

2πλb,kxe
−π
∑K

j=1 λb,j(ν
2
j,k x

2−h2j )dx, where νj,k
∆
=
(
ςj
ςk

) 1
α

(j = 1, 2, . . . , K, and k = 1, 2, . . . , K). Next using (8) from Lemma 1, we obtain the main link

pdf fXk,o
(r) =

2π λb,k
Ak

re−π
∑K

j=1 λb,j(ν
2
j,k r

2−h2j ). Substituting Ak and fXk,o
(r) in (48), we have

Pcov(γ̃,λb) =

K∑

k=1

2πλb,k

∫ ∞

hk

re−π
∑K

j=1 λb,j(ν
2
j,k r

2−h2j )pcov(r, k, γ̃)dr . (49)

Next we use Theorem 1 to evaluate pcov(r, k, γ̃). This requires the conditional distance distri-

bution of all cooperating BSs for the given main link BS in the k-th tier with link distance r.

Using (46), we have fXj,i
(x) =

2πλb,j
Λj

x, where Λj = πλb,jr
2(η

− 2
α

j,k −1). Furthermore, from Propo-

sition 1, we note that Pcomp(r) is Γ(1, β(̺)) distributed, where β(̺) =

(
ςkr

−α +
K∑
j=1

nj∑
i=1

ςjx
−α
j,i

)
.

Substituting this expression of fXj,i
(x) and β(̺) in (31), we obtain (35), where LI(s) is the

Laplace transform of the total interference, and is computed by using [46, eq. 3.194], as in (36).

REFERENCES

[1] S. Mukherjee, D. Kim, H. Cho, and J. Lee, “A novel coordinated multi-point downlink transmission scheme for ultra-dense

networks,” in Proc. IEEE Wireless Commun. and Networking Conf., 2020, pp. 1–6.

[2] F. Boccardi, R. Heath, A. Lozano, T. Marzetta, and P. Popovski, “Five disruptive technology directions for 5G,” IEEE

Commun. Mag., vol. 52, no. 2, pp. 74–80, Feb. 2014.

[3] J. Andrews, S. Buzzi, W. Choi, S. Hanly, A. Lozano, A. Soong, and J. Zhang, “What will 5g be?” IEEE J. Sel. Areas

Commun., vol. 32, no. 6, pp. 1065–1082, Jun. 2014.

[4] S. Samarakoon, M. Bennis, W. Saad, M. Debbah, and M. Latva-aho, “Ultra dense small cell networks: Turning density

into energy efficiency,” IEEE J. Sel. Areas Commun., vol. 34, no. 5, pp. 1267–1280, May 2016.

[5] D. López-Pérez, M. Ding, H. Claussen, and A. H. Jafari, “Towards 1 gbps/ue in cellular systems: Understanding ultra-dense

small cell deployments,” IEEE Commun. Surveys Tuts., vol. 17, no. 4, pp. 2078–2101, Fourthquarter 2015.

[6] W. Sun and J. Liu, “2-to- M coordinated multipoint-based uplink transmission in ultra-dense cellular networks,” IEEE

Trans. Wireless Commun., vol. 17, no. 12, pp. 8342–8356, Dec. 2018.

[7] I. Atzeni, J. Arnau, and M. Kountouris, “Downlink cellular network analysis with los/nlos propagation and elevated base

stations,” IEEE Trans. Wireless Commun., vol. 17, no. 1, pp. 142–156, Jan. 2018.

[8] H. Cho, C. Liu, J. Lee, T. Noh, and T. Q. S. Quek, “Impact of elevated base stations on the ultra-dense networks,” IEEE

Commun. Lett., vol. 22, no. 6, pp. 1268–1271, Jun. 2018.



30

[9] M. Kamel, W. Hamouda, and A. Youssef, “Ultra-dense networks: A survey,” IEEE Commun. Surveys Tuts., vol. 18, no. 4,

pp. 2522–2545, fourthquarter 2016.

[10] Y. Teng, M. Liu, F. R. Yu, V. C. M. Leung, M. Song, and Y. Zhang, “Resource allocation for ultra-dense networks: A

survey, some research issues and challenges,” IEEE Commun. Surveys Tuts., vol. 21, no. 3, pp. 2134–2168, thirdquarter

2019.

[11] J. Liu, M. Sheng, L. Liu, and J. Li, “Interference management in ultra-dense networks: Challenges and approaches,” IEEE

Netw., vol. 31, no. 6, pp. 70–77, Nov. 2017.

[12] M. M. Hasan, S. Kwon, and S. Oh, “Frequent-handover mitigation in ultra-dense heterogeneous networks,” IEEE Trans.

Veh. Technol., vol. 68, no. 1, pp. 1035–1040, Jan. 2019.

[13] J. G. Andrews, “Seven ways that hetnets are a cellular paradigm shift,” IEEE Commun. Mag., vol. 51, no. 3, pp. 136–144,

Mar. 2013.

[14] H. S. Dhillon, R. K. Ganti, F. Baccelli, and J. G. Andrews, “Modeling and analysis of k-tier downlink heterogeneous

cellular networks,” IEEE J. Sel. Areas Commun., vol. 30, no. 3, pp. 550–560, Apr. 2012.

[15] D. Kim, J. Lee, and T. Q. S. Quek, “Multi-layer unmanned aerial vehicle networks: Modeling and performance analysis,”

IEEE Trans. Wireless Commun., vol. 19, no. 1, pp. 325–339, Jan. 2020.

[16] S. Chen, T. Zhao, H. Chen, and W. Meng, “Downlink coordinated multi-point transmission in ultra-dense networks with

mobile edge computing,” IEEE Netw., vol. 33, no. 2, pp. 152–159, Mar. 2019.

[17] S. Chen, T. Zhao, H. Chen, Z. Lu, and W. Meng, “Performance analysis of downlink coordinated multipoint joint

transmission in ultra-dense networks,” IEEE Netw., vol. 31, no. 5, pp. 106–114, Sep. 2017.

[18] Technical Specification group Radio Access Network; Coordinated multi-point operation for LTE physical layer aspects

(Release 11), 3rd Generation Partnership Project 3GPP™ TR 36.819 V11.2.0 (2013-09), Mar. 2013, release 11.

[19] J. Lee, Y. Kim, H. Lee, B. L. Ng, D. Mazzarese, J. Liu, W. Xiao, and Y. Zhou, “Coordinated multipoint transmission and

reception in lte-advanced systems,” IEEE Commun. Mag., vol. 50, no. 11, pp. 44–50, Nov. 2012.

[20] R. Irmer, H. Droste, P. Marsch, M. Grieger, G. Fettweis, S. Brueck, H. Mayer, L. Thiele, and V. Jungnickel, “Coordinated

multipoint: Concepts, performance, and field trial results,” IEEE Commun. Mag., vol. 49, no. 2, pp. 102–111, Feb. 2011.

[21] G. Nigam, P. Minero, and M. Haenggi, “Coordinated multipoint joint transmission in heterogeneous networks,” IEEE Trans.

Commun., vol. 62, no. 11, pp. 4134–4146, Nov. 2014.

[22] J. Y. Ryu, J. Lee, and T. Q. S. Quek, “Confidential cooperative communication with trust degree of potential eavesdroppers,”

IEEE Trans. Wireless Commun., vol. 15, no. 6, pp. 3823–3836, Jun. 2016.

[23] W. Nie, F. Zheng, X. Wang, W. Zhang, and S. Jin, “User-centric cross-tier base station clustering and cooperation in

heterogeneous networks: Rate improvement and energy saving,” IEEE J. Sel. Areas Commun., vol. 34, no. 5, pp. 1192–

1206, May 2016.

[24] V. Garcia, Y. Zhou, and J. Shi, “Coordinated multipoint transmission in dense cellular networks with user-centric adaptive

clustering,” IEEE Trans. Wireless Commun., vol. 13, no. 8, pp. 4297–4308, Aug. 2014.

[25] L. Liu, Y. Zhou, V. Garcia, L. Tian, and J. Shi, “Load aware joint comp clustering and inter-cell resource scheduling in

heterogeneous ultra dense cellular networks,” IEEE Trans. Veh. Technol., vol. 67, no. 3, pp. 2741–2755, Mar. 2018.

[26] K. Feng and M. Haenggi, “A location-dependent base station cooperation scheme for cellular networks,” IEEE Trans.

Commun., vol. 67, no. 9, pp. 6415–6426, Sep. 2019.

[27] F. Baccelli and A. Giovanidis, “A stochastic geometry framework for analyzing pairwise-cooperative cellular networks,”

IEEE Trans. Wireless Commun., vol. 14, no. 2, pp. 794–808, Feb. 2015.

[28] L. Liu, Y. Zhou, W. Zhuang, J. Yuan, and L. Tian, “Tractable coverage analysis for hexagonal macrocell-based

heterogeneous udns with adaptive interference-aware comp,” IEEE Trans. Wireless Commun., vol. 18, no. 1, pp. 503–

517, Jan. 2019.



31

[29] Technical Specification Group Radio Access Network; Evolved Universal Terrestrial Radio Access (E-UTRA); Further

enhancements to LTE Time Division Duples (TDD) for Downlink-Uplink (DL-UL) interference management and traffic

adaptation (Release 11), 3rd Generation Partnership Project 3GPP™ TR 36.828 V11.0.0 (2012-06), Jun. 2012, release 11.

[30] A. Al-Hourani, S. Kandeepan, and S. Lardner, “Optimal lap altitude for maximum coverage,” IEEE Wireless Commun.

Lett., vol. 3, no. 6, pp. 569–572, Dec. 2014.

[31] “Recommendation ITU-R P.1410-5: Propagation data and prediction methods required for the design of terrestrial broadband

radio access systems operating in a frequnecy range from 3 to 60 ghz,” [Online]:http://www.itu.int/rec/R-REC-P.1410-5-

201202-I, Feb. 2012.

[32] T. Bai, R. Vaze, and R. W. Heath, “Analysis of blockage effects on urban cellular networks,” IEEE Trans. Wireless Commun.,

vol. 13, no. 9, pp. 5070–5083, Sep. 2014.

[33] M. Ding, P. Wang, D. López-Pérez, G. Mao, and Z. Lin, “Performance impact of los and nlos transmissions in dense

cellular networks,” IEEE Trans. Wireless Commun., vol. 15, no. 3, pp. 2365–2380, Mar. 2016.

[34] M. Ding and D. López-Pérez, “Performance impact of base station antenna heights in dense cellular networks,” IEEE

Trans. Wireless Commun., vol. 16, no. 12, pp. 8147–8161, Dec. 2017.

[35] A. AlAmmouri, J. G. Andrews, and F. Baccelli, “A unified asymptotic analysis of area spectral efficiency in ultradense

cellular networks,” IEEE Trans. Inf. Theory, vol. 65, no. 2, pp. 1236–1248, Feb. 2019.

[36] H. Jo, Y. J. Sang, P. Xia, and J. G. Andrews, “Heterogeneous cellular networks with flexible cell association: A

comprehensive downlink sinr analysis,” IEEE Trans. Wireless Commun., vol. 11, no. 10, pp. 3484–3495, Oct. 2012.

[37] E. Björnson, L. Sanguinetti, J. Hoydis, and M. Debbah, “Optimal design of energy-efficient multi-user MIMO systems: Is

massive MIMO the answer?” IEEE Trans. Wireless Commun., vol. 14, no. 6, pp. 3059–3075, Jun. 2015.

[38] J. C. S. S. Filho and M. D. Yacoub, “Nakagami-m approximation to the sum of M non-identical independent Nakagami-m

variates,” Electronics Letters, vol. 40, no. 15, pp. 951–952, Jul. 2004.

[39] “Report ITU-R M.2412-0: Guidelines for evaluation of radio interface technologies for IMT-2020,”

[Online]:http://www.itu.int/rec/R-REC-M.2412-0-201711-I, Nov. 2017.

[40] R. Nasri and A. Jaziri, “Analytical tractability of hexagonal network model with random user location,” IEEE Trans.

Wireless Commun., vol. 15, no. 5, pp. 3768–3780, May 2016.

[41] T. X. Brown, “Cellular performance bounds via shotgun cellular systems,” IEEE J. Sel. Areas Commun., vol. 18, no. 11,

pp. 2443–2455, Nov. 2000.

[42] J. Na, J. Koh, S. Park, and J. Kang, “Energy efficiency enhancement on cloud and edge processing by dynamic rrh

selection,” in Proc. IEEE Annu. Consum. Commun. Netw. Conf., Jan. 2018, pp. 1–6.

[43] M. Haenggi, Stochastic Geometry for Wireless Networks. Cambridge University Press, 2013.

[44] D. Stoyan, W. Kendall, and J. Mecke, Stochastic Geometry for Wireless Networks. New Jersey: John Wiley and Sons.,

1995.

[45] M. H. Protter and C. B. J. Morrey, Intermediate Calculus. New York: Springer, 1985.

[46] I. M. Ryzhik and I. S. Gradshteyn, Table of Integrals, Series and Products. New Jersey: Academic Press., 2007.


	I Introduction
	II System Model
	II-A UDN Network and Channel Model
	II-B Relative Received Link Power Based CoMP Transmission
	II-B1 SIR for Downlink Transmission
	II-B2 Main Link Distance Distribution
	II-B3 Number of Cooperating BSs

	II-C Performance Metrics
	II-C1 Coverage Probability
	II-C2 Area Spectral Efficiency (ASE)
	II-C3 Network Energy Efficiency


	III Coverage Probability Analysis
	III-A Coverage Probability
	III-B Special Case: Performance Analysis for Rayleigh Fading Channel
	III-C Evaluation of ASE Metrics

	IV Simulations and Discussions
	IV-A Validation of Analytical Result for the Special case in Section III-B 
	IV-B BS density ratio vs. Coverage Probability
	IV-C Impact of Total BS density
	IV-D Network Energy Efficiency (NEE) Performance

	V Conclusion
	Appendix
	A Proof of Lemma 1
	B Proof of Lemma 2
	C Proof of Theorem 1
	D Proof of Lemma 3

	References

