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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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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 [S], [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



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



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.

o 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.

o 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 [[Il introduces the system model,

the RRLP based CoMP transmission design, as well as the performance metrics. In Section [IL



TABLE I Notations used throughout the paper.

Notation Definition H Notation ‘ Definition
Py, 5 PPP for BS distribution in the j-th tier Ab,j Spatial Density of BSs in the j-th tier
P, PPP for user distribution in the network Au Spatial Density of users in the network
hy, 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 ol Pathloss exponent for channel ¢
¢o € {L,N} | Indicator of LoS/NLoS channel for the main link Tk,o Link distance from the main link BS to the typical
user
g;ci) Fading gain between the typical user and BS ¢ with Tj,i Link distance from BS ¢ in the j-th tier to the
channel c in the j-th tier typical user
Sj Average downlink transmit Power of BSs in the Yj,i Horizontal distance between the typical user and
j-th tier BS 4 in the j-th tier
m(® Shape parameter of Nakagami-m fading distribu- | p(°)(2) | Probability of having channel ¢ between a BS and
tion for channel c user at link distance x
€ Fraction of network area covered by build- p Average building/blockage height
ings/blockage
T Average number of buildings per unit area Co Coherence block duration
B Communication bandwidth % Power amplifier efficiency of a BS in the j-th tier
Ly ; Computation efficiency of a BS in the j-th tier Uj Average number of associated user with a BS in
the j-th tier
Pébj) Antenna power consumption at a BS in j-th tier Pix,j Fixed power consumption at a BS in the j-th tier
Prg.“) Antenna power consumption at a user P Rate dependent power consumption at user
ngc) Number of BSs in the j-th tier associated with the Yeo k Received SIR at the typical user having a main link
typical user with channel ¢ BS with channel ¢, from the k-th tier
.A,(f") Probability that the main link BS with channel ¢, fx() Probability density distribution of random variable
from the k-th tier X

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

of the received signal power. In Section [Vl 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




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 @, ;, with the spatial
density ), ;, and have BS antenna height 7, ; and downlink transmit power ¢; (j = 1,2,..., K).
We also assume that the distribution of users in the network follows an independent HPPP &,
with the spatial density \,.

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 ¢ in the

j-th tier and the typical user is given by

= b h V1) Ve a2 (o —hu)?} L
(1—\/5}% [erf (ﬁ)—erf (pﬂ)]) , ifc=L

7 ho. h VeT{adi=(hj=hu)?} _
1—(1—\/5}% [erf(ﬁ)—erf(pﬁ)b , ifc=N

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

NLoS link, and erf(z) = % [7. e*dt. From (D), it is evident that the LoS link probability

P () = M

(i.e., ¢ = L), pL(x), decreases with the link distance x, since higher value of = 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., ¢ = N) is similarly given by pn(z) 21— pL(x).
The power of the signal received from BS ¢ in j-th tier at the typical user is therefore given by
c A c) —alo
Pj( )(xj,i) =S g§,i)xj,i ) (2)

where gj(-? and o!® > 2 respectively denote the small scale fading gain and the pathloss exponent

of the channel ¢, and x;; denotes the corresponding link distance of this BS from the typical

user. Here, z;; is given by z;; 2 \ /yil- + h?, where y;; is the horizontal distance between the
A . . . . 4 .

user and the BS, and h; = hyj — h,, 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



in a channel c follows the Nakagami-m distribution with parameter m(© and mean value 1, i.e.,
g ~ T (m@, -15) 1, sl

? m(c)

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 environmentH 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 ‘0’ 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 x, , and its corresponding
channel environment as ¢, (¢, € {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 ValueH For instance,
when the typical user has its main link BS in the k-th tier, the neighbouring BS 7 in the j-th tier
with channel ¢ to the typical user participates in the cooperation set, if it satisfies the following

condition:

PO,
M > Nk s (3)

Co)

_lg (xk,O)

where Pj(c) (r;;) =E [Pj(c) (mﬂ)] =g m]_za() denotes the ARLP of the BS i in j-th tier, and 7 4
(y =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 7, 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 7, is set at a higher value, the

"Note 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., ¢ = N), the fading is assumed to be Rayleigh distributed
(i.e., m™ = 1). In general, we have, m™ > m®.

In 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.



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 7; ;. In other words, using
n; 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 [I). 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

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 ¢,
and link distance z; ,, the overall received signal at the typical user in the interference limited

environment is given b

K 1
) —ald/2 (e c N G)
2=3 5% 5 e a1 (2 00 e

=1 . c v~
J c€{LN} Zed)l(;,])‘ signal from the associated BSs
in the j-th tier

¢) —ale) c c _%
+ /<S5 q](-ﬂ-)xj,i /2w§7i)uj7i 1 <xﬂ > 9](- )(kaco)nj,k“( )> 4)

~
signal from interfering BSs

where qbl(f]) is the index set of BSs in the j-th tier with channel c to the typical user, u, is

the transmitted symbol of the main link BS, u;; is the independent transmitted symbol from

an interfering BS qj(-ci) is the channel fading gain with the typical user for the BS ¢ in j-th

)

“It 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.

SNote 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.

®Note 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.



(e)yx
. A
tier, and w](-i-) = % denotes its corresponding normalized precoder. Here 9( (k.0 Co) =

1 qleo)
<§—2> ol mk‘f) and 1 (.) denotes the mathematical indicator function. and g](Z |q] ; J f \2 =
|qj ; |2 Clearly, the total received signal power at the typical user can be written as
2
Pc(omp T o — \/ P(co ajk o Z Z Z \/ 'r] 7 <xy 7 < 9 xk ,09 Co)n] ka(C)) )

J=1 cE{LN} jegl) _

§1gnal from main link BS
signal from other assoc1ated BSs in the j-th tier

)
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

.Z’ko Z Z Z P(c xyz ('rj,i > GJ(C (xk o7co)nj ]:(C)) ) (6)

J=1 ce{LN} jeg(®)

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

environment is given by

P(CO)

(co) Comp(xk,o)

o = —n—T. 7
T (xh ) I(co)<l’k,o) 2

2) Main Link Distance Distribution: In section [I-Bl 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 (C").

The pdf of X ,gcg) is given by

X 649 (r,c0)
2700k (e —2m S Ny 2 [y £p(0) (1) dt
fX,gW(T): A(COS rpl o)(T)e g=1 ee{LNy . )
0 N

where p(9)(x) is the probability of having channel environment ¢ for a link distance z, and
a(co)
QJ(-C) (r,c,) = <§_2> 0 '@ . Here A!® is the tier association probability for the main link BS,
and is given by K 0 o
0 —2r S Ny X f,L 4 pt ()t
A,(f") = / 27 \o i :)sp(c")(x) e Tt eellN dx. 9)
hi

Proof: See Appendix [Al [
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LoS Transmission Link
NLoS Transmission Link -==

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 cooperatlng BSs in the j-th tier is

NE o) = Y. Y1 (xﬂ < 08 (@0, o) ;. ,g“)) : (10)

ce{LN} jeg(d)

Thus, the total number of cooperating BSs for t[}%e typical user in the network is given by
NEN (o) = 3 N (). (11)
j=1

For instance, in Fig. [IL 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 PQ(L) (22,0)
and Pl(L)(:):l,l) respectively), and one BS with NLoS channel (ARLP is PZ(N)(xQ,l)). Clearly, the
main link BS for this user is in 2nd tier and has a LoS channel to the user. Thus, we have
N (25,) =1, NP (25,) = 2, and N (25,) = N (w2,0) + NS (29,0) = 3.

Lemma 2: The average number of cooperating BSs for the typical user with the RRLP-based
CoMP transmission strategy is given by

a(c)
k

9()(7’co i,
Nyg = Z SoooAr /h Fxgeo(r Z%AM > / " tp ) dtdr, (12)

k=1 c,e{L,N} ce{L,N}

where, .A,(:") is defined in (9).
Proof: See Appendix Bl [ |
Remark 1: (Relation between 1, and \,) From (12), it is clear that the BS densities and
the RLPT parameters, 7;; 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, 7); 5, with different total BS density, A, and N,y,, for a 2-tier UDN, when ’\b L =0.2,

/\/\_z; = 0.8, and 7, = 7, for all j, k.

Xy (/m?) 107 | 100* | 1073 | 5x1073 | 1072 | 5x 1072
n (in dB) for Nye =2 | -7.70 | -5.85 | -4.56 -1.74 -1.02 -0.22
n (in dB) for Nye = 3 | -12.22 | -9.20 | -7.96 -3.19 -1.92 -0.43

5 )
N
Nawgnfy ) =

1
7rh2 (1 na(N)>

this expression, it can be easily shown that "1 = > 0, for all N, > 1. This means for a fixed

0, for all =), we can obtain the relation between 7, ;, and A\y; as \y; = From

average number of cooperating BSs, 7, ; monotonlcally increases with ), 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. [l

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 [I-Bl 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 7, the overall downlink coverage

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

is given by K
~ A Co ~
CCRYED SIS / Fyteo(7) [mﬁ ()= 7] dr, (13)
k=1 c,e{L N} ~~ -
= Peov (1,K,¢0,7)
where \;, 2 (A1, Ao2s -+, Aoxc)T, and 7,(:0)(7") denotes the received SIR of the typical user,

having main link BS in the k-th tier, with link distance r, and channel ¢, (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 ()\;) and the average per-link SE, with
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a minimum required operational SIR, i.e., E [log,(1 + SIR)1 (SIR > 7)] [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 (@)). 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
(3, A) 2 Z X5Si (3, Ap) - (14)

where S;(7, Ap) 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
K

SiA M =Y > ACRYF), (15)

k=1 c,e{L,N}
where Rgf,;’)(“v') 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 c,. Finally, in order to obtain an estimate of per-link SE for each tier of cooperating
BSs, we define RSC,Z)(?) as

>

R(co)(~) A o0 E ce{L,N} ! 10g2(1 + 7(00)( )) 1 ( (CO)(’I“) > ~> f (’I“) dr (16)
sk )= N@ () NG (7) e )= T Txfeo

- -

A (co) per-link SE
Syl
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where 1/) P represents the fractional contribution of the j-th tier BSs in REC,;’ (7). Thus, the total

Tx ASE for the CoMP transmission scenario can be given by

Si(7, Av) ZMZZA R 3) . (17)

j=1 k=1 coe{L,N}
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 (r) = 1),

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

S, M) & ANR(F, Ay) (18)

where R, (7, )\b) is the per-user SE, which is defined as

RGN =D 2 A [ 1 (098 flomt 44 001 (50 2 3) ar 19)

k=1 coe{L,N}

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]
1 3B _

+ Pxj + S + —U, (20)
j

PBS,j:Pr(f COLb'
7-7

)
J
where Pr(fb]) is the antenna power consumption, Py ; is the fixed power consumption (due to
control signalling, backhaul, site cooling etc.), and ,.Tl] 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), Cy, the computational efficiency of the BS (L ;), and

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

consumption at any user can be characterized as
Poe = Py + Ru(3, M) B P, 1)
where Pr(f“) is the antenna power consumption at the user and F,,. is the rate dependent power

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

Pacc(%: M) = > Mo Posj + M Pue. (22)

i=1
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Using the Tx ASE metric in (14)), the transmit NEE (Tx NEE) is given as follows

- BS,(7, A)
) = ———-. 23
gt(% b) Pnec('y, Ab) ( )
Similarly, the receive NEE (Rx NEE) is given by using the Rx ASE in (I8]) as
~ BS, (7, )
(VX)) = 5=+~ - (24)
5 (7 b> Pnec (77 Ab)

III. COVERAGE PROBABILITY ANALYSIS

In this section, using the definition of conditional SIR, vlic”)(r), we derive the conditional

coverage probability, peoy(7, k,c,,7) (see (I3). We note that peoy(r, k,c,,7y) depends on the
distribution of both Pc(ocﬁ’&)(r) and I(¢)(r). In the following, we first analyze the distribution of
Pc(ocﬁ’li) (r), and then using this distribution, derive an expression for p..y (7, k, ¢,, 7). 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 (§)), it is clear that the distribution of the received signal power for a given main link
BS in the k-th tier with channel ¢, and link distance r (i.e., PC((fI%L(r)) is determined by not only
the number of cooperating BSs, NV (CO)(’/’), 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 (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) (r). For
instance, where the main link BS for the typical user is in the k-th tier with link distance r and

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

is nt®

;s ie., from (10), we have

i M, if j £k 25)
n? +n™ +1, if =k

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

1+ f > n§c). Without loss in generality, we next index these other associated BSs (excluding
thejrjllaifl{h’gl]; BS) in each tier as follows. The j-th tier BSs with LoS channel are indexed in the
range |1, n§L)], and the BSs with NLoS channel are indexed in the range [ng.L) +1, ng.L) + n&N)].
Thus, a j-th tier BS with channel ¢ has a link distance x;; to the typical user, where ¢ € [1, ng-L)],

if c=L,and i € [n" +1,n" + 0], if ¢ = N.

J J J
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In the following proposition, we now show that the distribution of Pc((fr?,)l[,(r) can be approxi-
mated to Gamma distribution for a given set of cooperating BSs.
Proposition 1: For a given set of cooperating BSs, Pcomp(r) can be approximately Gamma

distributed with shape and scale parameters (@), and (@), where

Qé(jh 7jK7T7007k) (26)
and 7, 2 (1, .. P 20 nov ). Here, ((0) and ((p@) are respectively given
"y My ’
by
(u* +9)° 0,
=-——" and = : 27
(o) Q. B(e) 10 (27)
Here 11 and §2 are defined as
e ® M
(Co) K ™ +n oN)
I TLIZZ%ZQ + T, AT +7'le Z xi, (28)
j=1 i=1 7=l =
e K n®+al®
J
R DI)ILTLEE Sl Sl 29)
j=1 i=1 7=l =™ g
J

'(m(© w
where 7., 2 W (w € Z+)H and . 2 1—7'1 (c € {L,N}). In @7, Ql =

& — (pu? + Q?)2, where € is given by [38] eq. 6]

CEETEOO Gun,on

s
s0=0s1=0 s (Co)() 1 N(CO)(T)_I J=12,.. . K; q=1,2,...,.K;
i= 1,2, s v=1.2,. Y

l(L) Z n(L)-‘rn(N)—i-z l(N) Zl EL)'FNEN)'FU
=

_ <L) ™)
<l(L) sz21> —%3 (8 ) =800 1)
’ a . 30)

x TL’SZ(.L.) _sz(.L.)ﬂxj’i TN’SZ(N)_Sl(N)ﬂIq’U
3 g PR R

Proof: Since gy(»,) ~ T (m(c) (C)) from (2), we observe that for a given x;; and a given
channel c, \/Pj(c) (x;,) is Nakagami-m distributed. Thus, from (), it is clear that Pc(&%)p(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 (3), we infer that PC(Om)p( ) is also approximately Nakagami-m distributed,

"Z7" 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
Pc(ocﬁ’li) (r) can therefore be approximated to be a Gamma distribution whose parameters are given
by @1). |

Remark 2: (Impact of N, on received signal power distribution) From @27)-(30Q), it is clear
that both ((@) and (@) are depending on the link distances of the cooperating BSs. From the
expressions of 4 and 2, we also observe that the actual dependence of ( (@) 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

1
(i.e., the worst CoMP set scenario), we have z;; = anfL T§L) for any LoS cooperating BS, and

_ 1 —— (co)
on,.(N) : (@ _ (5)e9 o . .
Ly D = Nk 1;  for any NLoS cooperating BS, where r;~ = (gk) r «© . Even with this

. . . _lco) _afco)
worst case scenario, M,y Q, and Ql are reSpeCtlvely prOpOTtlonal to r— ¢ /2 @

T ,and r—20¢
This shows that ((g) is independent of r (the main link distance), while () is proportional
to 7~ In short, §(g) increases as the main link distance r decreases, i.e., as the total BS
density increases. An increase in (@) 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 peoy(7, k, ¢, ), using the approximated received signal power distribution in Proposition/[I]
where the typical user has its main link BS in the k-th tier with link distance r and channel c,.
Theorem 1: The conditional coverage probability for a given main link BS in the k-th tier

with link distance r and channel ¢, can be exp(ressed as a function of 7 as

( )
- . w = < (c)) . Rgc,)
o -
pcov<ru ]{Z,CO,’}/) - e Z Z H H /(C’)
e j=1,2,....K;c/e{L,N};
L _fl (Ab) 7 total ZK 1(n(L) +n(N))
1ntegrals
(L) (N) O, (N)

K J
271‘)\1) ) J v
X H (i) N ) HH T3 L 1P W (@;0) p™ (2 j,l+n§L)) Peov(7, @) djidz; 40

L)
=1 A( " s =1 ﬁ,—/
h A v g 7':1727 1 EL)J 1727 N 5N)a
=fa(As) j=12,...K

7 = c) A R . ¢ . .
whete @ = {7y, Tk, r.co b}, A 2 2y [ tpO@)dt, v = 0(rc,), BY =
J
- a(C) c ~ . .
nj,li/ T]( ) (C < {L7 N}) In @, poov(’Y, .Q) 1S given by
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ko(0)—1

palio = > T (%)mﬁy"’ (%) (32)

m=0
where ko(@) € {[C(0)],[¢(0)]}, and Egm)(s) denotes the m-th order derivative of L£;(s) 2
E[es 0] e,
—2m f: Z Ab,jAj,c(S)
( ) e j=1ce{L,N} , m =
L;"(s) = K me1 | | : (33)
“2m 3 Ny 3 ("TLP (AT (), m >0
j=1 ce{L,N} i=0 ’
where Agfs)(s) is given b( “
o (1—E [e_“ﬂ'gzw ]) 29 (2)dz, m =0
AR (s) = I o ol © G
(=)™ [0 'R [gme_sgjgz ]z_ma Hp)(2)dz, m >0
Proof: See Appendix [ |

The conditional coverage probability pe (7, k, ¢,,77) computed in Theorem [I] 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 ¢, and link distance r. Substituting this expression along with (9) in
(13D, we can compute the overall coverage probability P.oy (7, Ap) 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

K
density \, = 17\, = >~ Abj» and then decreases.

7j=1
Proof: From (34), we observe that (—l)m‘lAyZ)(s) is a positive quantity, and can be

approximately bounded as
m—1 \(m) ©(pey_ L Z-m G : 2 —aleo)
(—1) Al (s)>p (Rj ) sal@ TR | gay | m— o SSIINkT .

Using this in (33), we can show that (—1)m£§m)(s) > 0, for all s > 0. Using (33) and (34)

in , we observe that p.. (7, @) is the positive sum of the terms with the form xe™”. Here

x is proportional to A, ;. Note that since any function with form xze™® 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., peoy (7, @) in (32) also first increases with X\, ; (j = 1,2,..., K), and then
decreases. From (31), we can note that f;(\,) has also the form similar to xze™*, and therefore
first increases and then decreases with A,. Additionally, f>(Ap) is independent of A,. Therefore,
we can conclude that peoy (7, k, ¢,, ) Which is product of peoy (7, @), f1(Ap), and fa(A,) would
first increase with \,, and then decrease. [ |

From Corollary [1] and (13), we can also see that the overall coverage probability, Peo, (7, Ap),

is expected to first increase and then decrease with the total BS density, \,. This can also be



18

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 (I3) 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)(:)s) =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

K * b
cov VaAb Z27T)‘bk/ rexp{_ﬂ-z)\b’j(yjz’krz_h?)} ZZ {
j=1

k n1=0 nx=0

Rj /9 \mttnx . K nj -1
X / (r_z) H # Lr|yswr ™+ Z Z ST dz dr, (35)
. =1 (0 —1

i= j=1 i=1

-77
j:1727"'7K;
total ZJK: 1 1 integrals

where o > 2 is the pathloss exponent, x 2 {T11,. @1y " s T, .-, Tron,} denotes the
link distances of all cooperating BSs (excluding the main link BS), and n; is the number of such
cooperating BSs in the j-th tier (j = 1,2, --- , K). Here, A; = 7r)\b,jr2(nj_7,§ —1),R; = 77;5 r, and
Vjk 2 <Z—2> s (k=1,2,---, K). Finally, £;(s) is the Laplace transform of the total interference

power and is given by

s¢ R 2 2 o
L;(s) = exp —WZAM TR L= 22 Simsg B : (36)

where 2 F (a, b; ¢; z) represents the Gauss hypergeometric function.

Proof: See Appendix [ |



19

TABLE III UDN System Parameters [31], [39]]

Parameters | Descriptions Values Parameters | Descriptions Values
S1 Downlink Tx. power (1st tier) 44 dBm G2 Downlink Tx. power (2nd ier) 33 dBm
hp,1 BS antenna height (1st tier) 25 m hy,2 BS antenna height (2nd tier) 10 m
hu User antenna height 1.5 m ¥ SIR Threshold 0 dB
T Average number of buildings/ | 300/km? € Fraction of network area cov- | 0.5

unit area ered by buildings
p Average building height 20 m

From (33), it is clear that the conditional coverage probability is determined by L;(s), where
K ny B

s=7ar >+ >, Z Gy . From (36), it is also observed that for any value of s, £;(s)
j=1li=

monotonically decreases with \y. 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. 2l 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 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)-({I7)). Therefore it
requires numerical averaging of the per-link SE expression in (I16)).

On the other hand, however, the Rx ASE metric requires evaluation of the per-user SE (see
(I8)), and therefore can be evaluated from the coverage probability. From the definition of per-
user SE, R, (7, Ap), in (19), we have

REM =Y Y A / 15 () B [logy(1 4+ ()1 (5 0) = 7) |ar

k=1 coe{L,N}
K 00

23 A [T [ o1+ 0 oy e G
k=1 co€{L,N} h 7

where step (a) follows from the fact that oo ( (.) is the pdf of the conditional SIR 7,?”(7“),
k

r)
and is given by f%gcw(?«) (7) 20 [1 — peov(T, K, o, 7)], Whereas peoy (7, k, o, ) is computed using

Oy
Theorem [1l

IV. SIMULATIONS AND DISCUSSIONS

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

tion [Tl and then investigate the performance of the RRLP-based CoMP transmission in multi-tier
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UDN scenario with
both LoS & NLoS

NLoS only scenario
0.9+ q
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Fig. 2 Peoy(¥, Ap) as a function of ) for the RRLP-based CoMP transmission with 1-tier UDN (i.e., K = 1), for
Nayg = 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 [IIl We also assume that the pathloss exponents for LoS and NLoS links are
fixed and are respectively given by o™ = 2.5 and o™ = 3.5. The Nakagami-m parameter for
channel fading gain is taken to be m® = 10 and m™ = 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 \, = 3 x 1073/m?. [23]

A. Validation of Analytical Result for the Special case in Section [[II-Bl

In Fig. 2l we have plotted the coverage probability for the NLoS channel only scenario as a
function of SIR threshold 7 for different values of the BS density in a K = 1-tier network, i.e.,
Ap,1 = Ap. For this simulation, we assume N,, = 2, i.e., on average 2 BSs associate with a user.
We also assume a™ = a = 4, and the transmission power parameters are adopted from Table II.
For comparison, we also numerically evaluate the expression in (33), 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 Peoy(¥, Ap) as a function of )‘;—bl with Nye = 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 P (7, Ap) as a function of the ratio of 1st tier BS density to the total
BS density, i.e., ’\Ab—;, N =17, = i M\p;) for different values of A\, = 107%/m?, 5 x 10~*/m?,
and 1073/m? respectively. For this ;j)l_olt, we consider the average number of cooperating BSs,
N fixed. We observe that for a given Ny, and Ay, Peoy(7, Ap) first increases with ’\AL;, and
beyond a critical value of this ratio, it begins to decrease. This is due to the fact that when
Ay is small, the probability of a user associating with a Ist 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 P.o (7, Ay) decreases. We also observe that this critical %}1, that maximizes
Peov(7, Ap), decreases with \,. In other words, at high BS densities, it is optimum to have all
cooperating BSs in the 2nd tier. This critical A/\Lbl is also observed to increase with N,, (see
the plots for A\, = 5 x 107*/m?). This is due to the fact that increasing N, tends to mitigate

more interference power, thereby allowing us to tolerate higher increase in 1st tier BS density
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Fig. 4 S8:(7,Ap) as a function of A, in 2-tier UDN for the following transmission scenarios: (a) Without CoMP;
(b) FNSB-based CoMP (in [21]); (¢) ARLP-based CoMP (in [23]]) and (d) RRLP-based CoMP.

for a given \,. 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 ’\/\Lbl =0.2 ﬁxedH we plot Peoy(7, Ap) as a function of A, for Ny, = 2

and also for N,, = 3, and compare with the traditional non-CoMP transmission performance
[81, [L5)]. This comparison shows significant performance improvement with CoMP, even for
small BS density regime. For this scenario, we also plot the S;(7,Ay) and S,.(7, A,) metrics
(see Fig. 5l and Fig. 6 respectively). It is observed that both the coverage probability and ASE
metrics first improve with )\,, and beyond a critical \;, they begin to decrease. This is due to
the fact that in the small )\, regime, the probability that the cooperating BSs would have LoS
links increases with the BS density, \,. This in turn significantly improves the received signal
power. On the other hand, in the large \, 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 \;.

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 /NV-strongest BS (FNSB)-based CoMP scheme
[21] (see Fig. d)). It is observed that in the small BS density regime, the ARLP-based CoMP

$The A”—bl 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 1074 /mz).
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Fig. 5 S§:(7, Ap) as a function of A, 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 ), is sufficiently large, the ARLP values can be large; so, for a
fixed N,e, the RRLP-based and ARLP-based CoMP schemes would have similar CoMP set size
mostly. Therefore, in the large \, regime, the performances of these two schemes track each
other very closely. Additionally, the probability of having a larger CoMP set than N, being
high, which is more than enough to compensate the cases with the CoMP set size less than
Nave. 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, S;(7,Ap), for Ay, = 5 x 107%/m?, and N, = 2, the
RRLP-based CoMP scheme out-performs the FNSB-based CoMP scheme by almost 24%.
Comparison with Actual BS Deployment: In Fig. ] we also plot the coverage probability of
the RRLP-based CoMP scheme, where the Ist 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 Ist tier’ in Fig. d)). 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 S-(7,As) as a function of )\, 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 (5 = 1, 2) [37], [42]

Parameters| Descriptions Values Parameters| Descriptions Values
Pr(fbj) Antenna power at BS 1 Watt Pr(fu) Antenna power at user 0.01 Watt
Bix j Fixed power consumed at BS 18 Watt Pt Rate dependent power 0.8 %
B. Coherence bandwidth 200 kHz T Coherence Time 1 ms
,%j Power efficiency of PA 0.39 Ly ; Computational efficiency of BS | 12.8 Gv‘?,;’gs
Co Duration of coherence block B.T: 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 A,
for a given N,,. We assume the values of various transmission and circuit power consumption
parameters as listed in Table [Vl To analyze the NEE performance, we plot both the Tx NEE,
& (7, Ap), and Rx NEE, &,.(7, ;) as functions of )\, (see Fig. [7 and Fig. [§). We also plot
the NEE corresponding to the scenario without CoMP transmission. It is observed that in the
high )\, scenarios, our CoMP scheme out-performs the conventional non-CoMP transmission,
in terms of achievable NEE (in contrast to the low )\, scenario). Furthermore, for a given )\,
in this regime, we also observe that NEE improves with increasing N,,. 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 & (7, Ap) as a function of )\, in 2-tier UDN for the following transmission scenarios: (1) without CoMP; and
(2) with RRLP-based CoMP, Ny, = 2, 3.
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Fig. 8 &-(3,Ap) as a function of ), in 2-tier UDN for the following transmission scenarios: (1) without CoMP;
and (2) with RRLP-based CoMP, Ny, = 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 A\p. 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 Il

Co)
,0

Note that the conditional cumulative distribution of X ,g for a given main link BS in the k-th

tier with channel c,, is given by
P [X]gc;) > 7, Co, k]

Al

P[x( < v

co,k] =1—-P [X,gcoo) >r

%¢}=1— (38)

where .A,(:") is the tier association probability for the main link BS, and P [X,gcg) > T, Co, k]
denotes the probability that all BSs with channel ¢ # ¢, 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,(f“) and P [X Igc;,) > T, Co, l{:}
Let us consider the k-th tier BSs in the network, with channel ¢ to the typical user, and their
corresponding PPP is given by <I>l(f,1 Let Yk(c) denote the variable representing the horizontal

)=/ (V)2 + h2 denote the corresponding

distance of the nearest BS in this tier and let X ,gc
link distance variable. Thus the void probability for the above mentioned BSs would be given
by Vk(C)(Yk(C) =y =P Hq)l()z (B(o, y))‘ _ 0] — 2 TVt (4 /t2+hi)dtH Correspondingly,
the contact distance distribution can be computed as follows f; k@(y) 2 a% {1 — Vk(c)(y)} =
27 M0 (/52 + B2)V (y). Substituting Y, with the link distance X\” in the expressions

of void probability and contact distance distribution, we have
Vk;(C) (Xlgc) _ JJ) _ e—27r)\b,k fhk tp(e) (t)dt ,and f;{(c) (JJ) _ 27T)\b,k«77p(c) (JJ) Vk(C) (JJ) ) (39)
k

Now we derive an expression for .A,(f”) as follows. From our discussion of the CoMP transmission
strategy in Section [[I-Bl it is clear that the main link BS for the typical user is in the k-th tier,
with channel ¢, if and only if P\ (z,) > Pj(c)(xj,i), for all (k,c,) # (j,¢) G =1,2,---, K,
and ¢ € {L,N}). Therefore, we have

°B(o,y) is a ball of radius y with center at origin, and ‘i’l(fll (B(o, y))‘ is the number of BSs from PPP @f:)ﬂ in B(o,y).
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o0

AI(:O) — A f;]gco)(l’)ﬂb |:l’j7i >9](.C)(1’,CO),(/€,CO) 7& ( ) Vi €¢by7] - {1,2,,K}] dx
:/ f;((co) (z) H V(c <9 c)(x co)) dz . (40)
hu ko0

(krc0)#(50)
j€{1,2,....K};ce{L,N}

L O[(Co)
where Hj(-c) (,c,) = <§—2> ol @ Finally, using (39) in (4Q), we obtain (9). Using (39) in the

definition of P [X ,gi';’ > 7, Co, k‘} , we have

PXE 2 rcnk] = [ fl@ B[P0 ) < P @), (ke) # (o) Vi € ¢ da
= fw@  II VO (07@e)da (1)

(F>c0)#(5:0)
je{1,2,...,K};ce{L,N}

where f’ (c,,>($) and V(C)(:)s) are defined in (39). Substituting in (38) after using (39), and
dlfferentlatmg with respect to r, we get ().

B. Proof of Lemma [
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 ¢, is given by

E{LN) el
9( °) xk 0 CO ., k (
S omhy S / - “

ce{L,N}
where (a) follows from (I0), (b) follows from the Campbell’s theorem [43], and p'®)(x) is the
probability of having channel environment ¢ 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
M3 ¥ AT SN +

k=1 coe{L\N}
where Al(f") is the probability that the typical user has its main link BS in the k-th tier with
channel c¢,. Substituting @2)) in (43), and using (&), we obtain (12)).
C. Proof of Theorem

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 qbl(fj) , and in the link distance z to x+dz (dz — 0)
from the typical user, the density of such BSs would be given by 27\, j z p(®) () dz. 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( ], where Rg-c) is obtained from the CoMP set formation criterion
in (3) and ; () is obtained from the fact that for any BS i from the j—th tier, ]5]-(6) () < Pk(c")(r),
where 7 is the main link distance. Clearly, r;” = 9( (r,¢,), and R J_;/ O‘(C)ry(»c).

Let NV 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 () can be described as a Poisson random variable, with mean A§-C) =

R
2\ f 2 tp©(t) dt. Therefore, its probability mass function is given by P [N (©) — ng.c)] =

@
NG ©
4 (c).)' e~*". Now, denoting the vectors of link distances from the j-th tier cooperating BSs

as T;, we represent the coverage probability for a given set of cooperating BSs as peo (7, 0),
where o = {71, -+ , Tk, T, ¢, k}. Clearly, the overall coverage probability for a given main link

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

Deos (1 K, €0, 7) = Z Z Z Z H H PN = |EfpaF,0)] - (44)

L N)_ L N =1

Here E [.] is taken over p, i.e.,

‘c K ngL) n(N)

E [ cov(’% / H H H fX(L) xy i X(N)( i, l—i—n(L) )pcov(r% Q) dxji dx j,l-‘r (L) (45)

rl N
j j=1 1i=1[=1 j=1,2... KH,—/
(© im19,, o0 =L

times;
=12, K;

=12, <N>
K

total > (nEL) +n;N)) integrals
j=1

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

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

the conditional link distance distribution is given by

0 1 * 2T\ i
ij,’ci) (z) = o {A 27T)\by/ tp )(t>} = A(CI;J op (@). (46)
J " j

j
Using @3) and (46) in @4), we obtain (BI). Finally, for a given cooperation set of BSs,

pcov(;\% .Q) 1S given by

I'(¢(0), g) Ko(@)=L4(e)] kole)—1 (—=1)m™ It (r) 5 o)
(C(Qﬁ)()) ] oo 2 EK B(e) ) o ()}

pcov(;\% Q) g E

-3 (i) e () “

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

distributed with parameters ((g@) and (@) (see Proposition [I). Here, £;(s) is the Laplace
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transform of I(¢)(r). Using the definition of probability generating functional from [44] in
the definition of £;(s), we get (33) and (34), by using Leibniz integral rule [43].
D. Proof of Lemma 3|

From the coverage probability deﬁmtlon in (IBI) we have

Peov(T: A) = ZAk fx,w( )Peov(r, k, 7)dr . (48)

where Ay is the probability that the main link BS is in the k-th tier. The main link distance is
denoted as Xj, and fx, ,(r) is its pdf. Finally, pcoy (7, k,7) is the conditional coverage probability,
corresponding to the main link BS in the k-th tier with main link distance r. Firstly, usin

Lemma 2] from (@) we have Ak = fho: QWAb,kxe_“zle’\bJ(”ik v*=h3) 4z, where Vik 2 (ﬁ)a

Sk

(G=12,....,K,and k = , K). Next using (8) from Lemma [I we obtain the main link
pdf fx, (r) = 2”2:%5”21 1Abﬂ(” #7715 Substituting Ay, and fx,,(r) in @8), we have
Peo(T, As) = Z 27 Ay i / R D (o e (49)

Next we use Theorem [I] to evaluate p.oy (7, k,7). 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 7.

2
Using @6), we have fx, (7) = AA vy, where Aj = 7y ;7%(n; 2 —1). Furthermore, from Propo-

K nj
sition [Tl we note that Peomp(r) is T'(1, 5(@)) distributed, where (@) = | s~ + >0 > a5

j=li=1
Substituting this expression of fx, () and (@) in (1)), we obtain , where L;(s) is the

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