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Abstract—In this paper, we analyze the association of a user
terminal in a two-tier network (i.e., macrocells and millimeter
wave small cells). We assumed a decoupled wireless access where
a user terminal has the liberty to choose different base stations
(BSs) in uplink and downlink based on the received power and
the channel quality. A practical blockage model where a human
body is a blockage to millimeter wave (mmW) is considered. An
in-depth simulation study is done to explore the effectiveness
of decoupled wireless access in a crowded environment. In
addition to that, a detailed analysis on the intuitiveness and
the mathematical tractability of the blockage model used is also
provided. In the end, few research questions on the efficacy of
decoupled wireless access are raised in this paper.

Index Terms—Millimeter wave, fifth-generation networks, het-
erogeneous network, cell association, urban environment, human-
body blockage.

I. INTRODUCTION AND MOTIVATION

The network densification and the use of extremely high
frequencies (EHF) which commonly known as millimeter
wave (mmW) band are the two most promising candidates for
the future wireless access to fulfill the ever increasing demand
of capacity. It is the small wavelength of mmW which made it
practical to increase the density of BSs significantly without
any increase in the absurdly large footprint of conventional
BSs [1]. Though, intuitively the network densification in a
heterogeneous network sounds a straight forward way to
increase the capacity of an overall system but it also forces us
to revisit some of the conventional techniques in cell planning
and deployment of a communication system [2], [3].

Recently an idea to decouple the downlink (DL) and uplink
(UL) BSs has been proposed [4], [5]. This idea not only flips
the convention of coupled BSs (since the inception of mobile
technology) but indirectly it also questions the way we do
channel estimation as it breaks the channel reciprocity by its
very design. In [4], Boccardi er al. argues on the efficacy
of decoupled wireless access in hyper-dense heterogeneous
networks. Though they also pointed out that without chan-
nel reciprocity in decoupled wireless access, the problem of
channel estimation would become a bit more challenging,
especially in case of mmW.

It is the susceptibility to blockage of mmW, which makes
it significantly different from all other standard wireless tech-
nologies. Since, electromagnetic waves can not travel around
any obstacle which exceeds their wavelength, therefore various

objects which had never been considered as a blockage for
microwave cause significant propagation losses for mmW [6].
Therefore to analyze the heterogeneous network with mmW
BSs, it is necessary to assume a blockage model which emu-
lates the practical scenario mmW faces. In the past couple of
years, there has been some progress in blockage modeling for
mmW wireless access [7], [8], [9].In this paper, we are using
a very recently proposed blockage model which quantifies the
effect of th human body on mmW [10] to analyze the cell
association in a decoupled wireless access.

The proposal of decoupled wireless access is getting con-
siderable attention since its inception [11] and authors in
[4], [5] made quite reasonable arguments in its favor. In this
paper, we explore the efficacy of decoupled wireless access
in an environment where the human body is considered as
a blockage to mmW wireless link. Since, highly populated
areas would be the one which will attract the deployment of
mmW network to fulfill the ever increasing demand of wireless
traffic, therefore, it is very important to study the effects of
the human body on the decoupled wireless access.

The rest of the paper is organized as follows. In Section
I, we describe the system model in detail, which includes
the propagation assumptions and a precise description of the
blockage model used. In Section III, a commentary on the
mathematical feasibility of the considered blockage model is
provided. In Section IV, discussion on the obtained simulation
results is provided and Section V concludes the paper.

II. SYSTEM MODEL

The system model consists of a two-tier heterogeneous cel-
lular network, where sub-6GHz (i.e., conventional microwave
or mcell) BSs and mmW (i.e., scell) BSs are modeled using
independent homogeneous Poisson point process (PPP) as
shown in Fig.1 . All the BSs are uniformly distributed in an
area of concern (a circular area with radius p ). We use ®y
to denote the set of points obtained through PPP with density
Ak, that can be explicitly written as

Oy 2 {m eR21ieN,}, kek,

where set K 2 {scell,mcell}. In addition to that all the user
equipments (UEs) are assumed to form an independent PPP
with density A\, and they are denoted by a set ®, given as
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Fig. 1: System Model

®, 2 {u; €eR?:jeN,}.

Since the distribution of a point process is completely
indifferent to the addition of a node at the origin, thanks to
Slivnyak’s theorem [12], the analysis is done for a typical UE
located at origin u; = (0,0).

The summary of parameters and notations used in the rest
of this paper is presented in Table I

TABLE I: System parameters and their definitions

Notation [ Description
Py

UE transmit power to BS in kth tier, where k €
{scell, mcell}
Py Transmit power of BS in kt" tier, where k €
{scell, mcell}
Ty, TI; DL and UL association bias for k € {scell, mcell}

Ve The combination of antenna gain and near-field pathloss
for k € {scell, mcell}
The minimum pathloss ||z||** of the typical UE from
the k" tier
ayg The pathloss exponent, for macrocell i.e., when k =
mecell its value remains constant. On the other hand for
k = scell, pathloss exponent becomes a function of the
distance between the transmitter and the receiver, and its
value switches between line of sight (LOS) and non line
of sight (NLOS) exponent values with the probability
P os and Pypos, respectively

Lmin,k:

A. Propagation assumptions and cell association criteria

In our system model it is assumed that all the UEs and sub-
6GHz BSs have omni directional antennas and antenna gains
from a massive array of antenna elements are only accounted
for the mmW BSs. It is a realistic assumption in a sense that in
such hybrid BSs’ deployment, the sub-6GHz BSs will provide
an umbrella coverage to all the UEs to guarantee a consistent
service, whereas the mmW BSs will mainly focus on high
capacity link with individual UEs. Therefore the antenna gain
is only considered with mmW BS.

It is assumed that in both UL and DL, a typical UE
associates with a BS based on the received power. The
typical UE associates with a BS in UL at x*x € ®;, where
I € {scell,mcell} if and only if

PuTiLi(ex)™ > PuTybeLy)

min,k’

Vk € {scell,mcell}. (1)

Fig. 2: Blockage Scenario

Similarly, a typical UE associates with a BS in DL at z* €
@, if and only if

BT, L)™' > BT L)

min,k’

Vk € {scell, mcell}. (2)

B. Blockage Model

In this paper, we use a very intuitive blockage model [10],
where a human body is considered as blockage to mmW.
The potential blockers are generated using a independent
homogeneous PPP ®; over the area of concern with intensity
Ar as shown in Fig. 1. Each blocker is modeled as a cylinder
with a certain height H and a width W. Here, both the
height and the width are generated randomly using the well
researched statistical data [13].

Moreover, it is obvious from Fig. 2 that not all blockers
can affect the LOS link between transmitter and receiver.
Therefore, we can model the PPP of blockers whose height
can cause the LOS link to break by thinning the ®; with
probability Pr(H > h,,(z)). The thinned PPP is denoted as
®;p with density A\;p,

)\[B(x) = )\[PT'(H > hm(l')), x € (0,7‘), 3)

where h,, (x) is a function describing the distance between the
LOS link and the ground at x

hr — hgr
T

h(z) = — x+ hr.

And as shown in Fig. 2, hy and hpr are the Tx and Rx
heights, respectively. The aforementioned process ®;p is non-
homogeneous but still remains Poisson with thinned density
Arp(z), which increases non-linearly as a grows [12]. The
probability Pr(H > h,,(z)) is a complementary cumulative
distribution function (CCDF) of H. Since, H follows Normal
distribution [13], The probability Pr(H > h,,(x)) takes the
following form

Pr(H > hy, (2)) :1—% {1+erf (W)} . @
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Fig. 3: Top view of the blockage scenario

where erf(.) is the error function, pp,0m are mean and
variance of H, respectively.

For the mathematical formulation of probability of LOS
(PLos) we have to determine the probability of few events
described in Table II. Having defined all the events and

TABLE II: Probabilistic events and their definitions

Events [ Description

A; There are 4 blockers in the area of interest

By Diameter of the blocker is not large enough to cross the
LOS link

B1 Complementary to Bg

Co Blocker’s height is not large enough to block the LOS
link

C1 Complementary to Cp

probabilities the expression for P ps can be formulated as
follows:

Pos = Pr{do}+ ZPT{AZ}
(Pr{By} + Pr{BPr{C . (5)

where the first part of the equation Pr{Ag} is the probability
that there are no blockers in the area of interest and the second
part of the equation sums the probability in the event that there
are 7 blockers in the area of interest, but their width and height
are not enough to block the LOS link. A rectangular area
shown in Fig. 3 is considered where the widths of all blockers
are uniformly distributed between d,,;, and d,,... , therefore,
the width of this area is bounded by d,,,,. As mentioned
in the start of this section, the number of blockers follow a
Poisson distribution, hence, the number of blockers in the area
of concern follows a Poisson distribution with the intensity
Ar7rdmaz- Having defined all the necessary assumptions, the
mathematical expressions of aforementioned events can be
easily formulated as in [10].

Even though this blockage model is intuitive in nature and
it can accurately emulates a crowded environment [10], so far,
there is no closed-form expression for this model. To the best
of our knowledge, it is mathematically intractable to provide
a closed-form expression of F g, as its expression contains

double integral of erf function. Since, it is a well known fact
that, mathematically, it is extremely difficult to approximate
an integral of erf function over a wide range of values (which
is the case here). Hence, further discussion on the efficacy,
intuitiveness, and mathematical intractability of this blockage
model in calculating the association probabilities is provided
in the following section.

III. ANALYTICAL ANALYSIS

In this section expressions for the association probability
for a typical user in the human blockage model scenario are
derived. On the association scenario under analysis there are
two random variables to be considered; they are the associated
tier for uplink Ayp and the associated tier for downlink Apy .
Considering the model proposed in Section II with two tiers
there are four possible outcomes:

o AuL = meell, ApL, = mecell

o Ay = mcell, Apr, = scell

. -AUL = scell, ADL = mecell

o Ayr = scell, Apr. = scell

As the events Ayp and App are independent, the derivation
of the probabilities Pr(Ay. = mecell), Pr(AyL = scell),
Pr(Ap. = mcell) and Pr(Ap. = scell) are enough to
calculate the probabilities of the four possible outcomes.
Furthermore, the user only associates to one base station for
uplink and one for downlink, therefore

Pr(AuL = meell) = 1— Pr(AuL = scell),  (6)

and

Pr(ApL = mcell) = 1— Pr(ApL = scell). (7)

As seen in equations (1) and (2) the base station to which
the user associates depends on the minimum path loss of
the typical UE from the kth tier, so, in order to derive the
probabilities of association, the point process obtained from
the path loss between the typical user and each base station
must be characterized. Following a similar approach to [5],
the path loss point process is defined as

Pr.: {Ly(x) = |Jo)|** =D} cq, , for k € {scell, meell}. (8)

From the displacement theorem [14], Pj is a Poisson point
process with intensity measure A (-) and CCDF

Fp, (t) = Pr(Li(z) > t) = exp(—Ax([0,1)). ©)
Lemma 1. The intensity measure of the path loss process of

the tagged BS for tiers 1 and 2 are given by

2
TAptem
1

t XLOS
27\ [/ rPros(r)dr
0

Am([0,1]) = (10)

As([OvtD =

1

t “NLOS
+/ 7“(1 - PLos(T))dT‘| . (11)
0



Proof. The proof for the macro cell case (10) is available on
[5]. For the scell (mmWave) we have that the intensity of the
path loss process P, : {L,(z) = ||lz||* 1?1} cq. is given by

A0,8]) = A / Pr(Ly(z) < t)da.

Switching to polar coordinates leads to

As([0,8]) = 27r)\5/ Pr(re=™ < t)rdr.
0

As described in Section II ag(r) is equal to apos with
probability P ps and anros With probability 1 — P os. Thus,
we have

A([0,8]) = 2mAs [/OOO rPos(r)1(r < tﬁ)dr

+/ (1 — Bios(r))1(r < tios )dr | ,(12)
0

which leads to (11). L]

From (10) and (9) it is possible to obtain the probability
density function (PDF) as

AFy () 2eAgtem !
at Ay,

For the millimeter wave scell tier the CCDF is given by

¢5i0s
—27 g (/ rPos(r)dr
0

taNlLos
+ / r(1— PLOS(T))dr>] . (14
0

By manipulating (1) and (2) it is possible to obtain an
expression for the probability of associating to the macro cell
in the uplink and in the downlink as

fr, () = — exp(—mAmtan ). (13)

Fr (t) = exp

P’I"(.AUL = mcell) = Pr(Lrnin,scell > aULLmin,mcell)
1 R l

= [ Fm ()

auL Jo auL

15)

and

PT(ADL = mcell) = Pr(Lmin,scell > aDLLmin,mcell)
1 R l

= L [T ()

apr, Jo apL

(16)

where

/
Pu,scellTscell¢scell

/ )
Pu,mcellecell¢mcell

ayL

and

PscellTscell’L/}scell
Pmcellecellwmcell

apL

As the calculation of P os(r) is not obtained in closed-
form and involves the numerical evaluation of three integrals,
it is not feasible to obtain a closed-form expression for
Fy,_(t) as well. Considering the intractability of calculating
Fr. (1) due to the blockage model, a simulation approach is
taken to characterize the probabilities of association under this
blockage model.

IV. SIMULATION RESULTS
A. Simulation setup

A system-level simulation model is developed to mimic the
real scenario of association between a UE and its tagged BS(s)
in a decoupled wireless access environment. The simulation
model not only provides the association probabilities of a
particular UE with its tagged BS(s) but it also gives an insight
on the portability of having a decoupled wireless access.

We generated the blockers, the mmW BSs, and the sub-
6GHz BSs in a circular area of radius ;o as described in
Section II. In case of mmW wireless access, for the sake of
consistency with previous published work [10] the height of
the transmitter and the receiver are assumed to be 4m and
1.3m, respectively. And as described in section II-B, each
generated blocker has a random height and width, following
[10], the height and width of the blockers are generated using
normal N (p g, o) and uniform U (dypn, dimaz) distributions,
respectively. Here, pp, 0, dmin, and dy,q, are assumed to
be 1.7m, 0.1m, 0.2m, and 0.8m, respectively. The rest of the
parameters used in the simulation are same as listed in [5].

80
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Fig. 4: Average pathloss vs optimal Tx height for different r

B. Discussion

As already mentioned in III that the blockage model under
consideration has no closed-form expression and this fact made
it mathematically intractable for further analytical analysis.
Nevertheless, its practical nature is still very useful. For
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Fig. 5: Association probability for antenna gain = 30dBi, and
blockers intensity A; = 0.3 blockers/m?
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Fig. 6: Joint association probabilities for antenna gain = 30dBi,
and blockers intensity A; = 0.3 blockers/m?

example, it is obvious that the average distance between the
transmitter and the receiver is a function of the intensity of
blockers A;. It implies that the optimal height of the Tx of
scell BS to minimize the average pathloss is also a function
of Az, as the optimal height of the Tx depends on the average
distance between Tx and Rx. Using this blockage model we
can easily predict the optimal height of the Tx of scell BSs for
different urban environments as shown in Fig. 4. The dashed
curve in Fig. 4, which is intersecting all the other curves
shows the optimal height of the Tx for different values of
distance r. Here, we want to emphasize on the fact that to
choose the optimal height of the Tx in scell is extremely
important, because it makes a huge difference in average
pathloss. Therefore, any arbitrary height of the Tx can make
or break the connection completely. Hence, in our opinion Txs
for next generation of wireless access should be designed to
adjust their heights in real-time according to the density of
blockers A;.
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Fig. 7: Association probability for antenna gain = 18dBi, and
blockers intensity A; = 0.3 blockers/m?
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The association probabilities of a UE with two tiers of BSs
are shown in Fig. 5 and Fig. 7. Whereas Fig. 6 and Fig. 8 show
the joint probabilities of four possible association scenarios
of a particular UE as mentioned in Section III. It is obvious
from the simulation results in Fig. 5, Fig. 6, Fig. 7, and Fig.
8 that antenna gain plays a significant role on the efficacy
of decoupled wireless access. A higher antenna gain (which
would be the case in future mmW BSs) significantly reduces
the decoupling gain (i.e., when a UE chooses to select two
different types of BSs in DL and UL).

Moreover, an interesting observation which we can be made
from Fig. 6 and Fig. 8 is that the joint association probability
of an event when a particular UE connects to scell in DL
and mcell in UL is zero. This contradicts with the argument
made in [4] in support of decoupled wireless access; that
is for future generation of wireless network, more UEs will
connect with scell in DL for higher data rate and mcell will
provide an umbrella coverage as well as UL connection to



decoupled UEs. Though, their argument was based on the
difference between the allowed transmit power for mmW and
microwave UEs, but even that difference would not be enough
to make the joint probability of aforementioned event to non-
zero [15]. Mathematically, using equations (15) and (16) we
can formulate the joint probability of the aforementioned event
as PT(Lmin,s < aDLLmin,m;Lmin,s > aULLmin,m)- Since, in
general ayL > apL, therefore the joint association probability
of that event will remain zero.

Even though, the power biasing can be used to change
the inequality ayr > app and also to do the load balancing
between the two tiers of network, which would definitely
increase the decoupling gain but it would also result in
decrease in the sum-capacity of overall network. Besides that,
as decoupled wireless access Kkills the channel reciprocity
by its very design, which would force network to bear the
additional cost of control signals. Therefore, the answer to
the question of how much pragmatic this idea can be for the
future wireless network will solely depends on an in depth
cost analysis of additional control signals. Furthermore, if the
industry decides to stick with the time division duplexing
(TDD), we believe that the future of decoupled wireless access
will remain ambiguous.

V. CONCLUSION

We derive following conclusions from this study. Firstly,
despite the fact that the considered blockage model is mathe-
matically intractable, which makes it infeasible for stochastic
geometric analysis of wireless networks, still its practical
nature provides some interesting insights. Such as, tuning of
Tx height with respect to the density of blockers or association
biasing for load balancing. Secondly, the decoupling gain
in our studied scenario is not very significant. Therefore,
whether we should bear the cost of extra control signaling for
decoupled wireless access solely depends on a cost analysis
of additional control signals, and only then anything on its
pragmatism can be said. Lastly, if TDD becomes a standard
for next generation of wireless network, then the future of
decoupled wireless access is certainly very bleak.
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