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Abstract—mmWave is emerging as an essential technology
for next-generation wireless networks due to its capability of
delivering multi-gigabit throughput performance. To achieve such
a promising performance in mmWave communications, Line-
of-sight (LOS) connectivity is a critical requirement. In this
work, we explore the strategy of infrastructure mobility to alter
the location of an access point (AP) in order to provide LOS
connectivity to stations (STAs) in indoor mmWave WiFi net-
works. Through both simulation-based and theoretical analyses,
we make a detailed case for infrastructure mobility by identifying
the impact of AP mobile platforms configurations on network
performance and propose a ceiling-mounted mobile (CMM) AP
model. Then, we compare the performance of a CMM AP with
multiple static APs, and we identify that the throughput and
fairness performance of a CMM AP is better than as many as 5
ceiling-mounted static APs.

Index Terms—Infrastructure mobility, mmWave WiFi

I. INTRODUCTION

WiFi is a ubiquitous and impactful wireless technology.
According to Cisco Visual Networking Index [1], WiFi is
predicted to generate 51% of total internet traffic in 2022,
and there will be nearly a 3x increase of the total amount
of WiFi internet traffic from 2017 to 2022. Due to this
significant increase of internet traffic generated by WiFi, there
is a pressing need to improve the WiFi network perfor-
mance. Among the latest WiFi related wireless technologies,
mmWave is emerging as an essential technology for next-
generation WiFi networks. The mmWave WiFi standard (e.g.,
IEEE 802.11ad) operates in the 60GHz unlicensed frequency
band. It can deliver multi-gigabit (∼7Gbps) performance pri-
marily by virtue of using a large bandwidth (greater than
2GHz). Specifically, the bandwidth supported by 802.11ad
is 12.5x larger than the bandwidth supported by the latest
non-mmWave WiFi standard 802.11ax. While the potential
performance is quite promising, mmWave is vulnerable to
unreliable wireless channel conditions (especially non-line-
of-sight (NLOS)) compared to conventional WiFi operating
in 2.4GHz or 5GHz. The communication performance drops
significantly when the wireless link has an obstacle such as a
wall or a cabinet in its way. Given the fickle nature of mmWave
communication, it is expected to be predominantly used in a
dual-band (or a tri-band) configuration that works along with
conventional WiFi.

In this context, it is likely that mmWave WiFi can deliver
considerably better performance, but that the performance
cannot be assured since it is dependent on the existence of

LOS conditions. As for LOS condition, it is a function of
the physical environment, but communication technologies
hitherto have had no ability to improve the conditions when
necessary. In recent years, related works have started exploring
infrastructure mobility as a degree of freedom in the WiFi
framework that can be exploited to improve the physical
environmental conditions for wireless communications [2]–[5].
Considering the strategy of infrastructure mobility, a WiFi AP
with mobility can discover an optimal location for itself and
move to that location to offer the best possible performance
for the network. Given that mmWave WiFi has a critical
requirement on wireless channel conditions, infrastructure
mobility becomes an especially attractive degree of freedom
for mmWave WiFi, where the creation of LOS conditions can
have a profound impact on the overall network performance.

Before developing an algorithm to leverage the benefits
of infrastructure mobility in mmWave WiFi, there are two
fundamental questions that need to be investigated in the first
place: 1) What is the impact of various AP mobile platform
configurations (e.g., platform location, orientation, and shape)
on the network performance and what are the ideal AP mobile
platform configurations? and 2) Given the ideal configurations
of the AP mobile platform, how much performance gain can be
achieved by AP mobility in various scenarios (e.g., compared
with static APs)? The major contributions of this work are to
investigate and answer these two fundamental questions using
both simulation-based and theoretical analyses. While related
works have explored a floor-based mobile AP that navigates
its way around obstacles for conventional WiFi [2], [3], [5],
we identify and propose a simpler but more effective model in
this work - a ceiling-mounted mobile (CMM) AP that moves
on a linear actuator. We first show through a simulation-
based evaluation that the different configurations of the AP
mobile platform do have a significant impact on the network
performance. After identifying the ideal CMM AP platform
configurations, we then use simulations to identify that a CMM
AP performs better than as many as 5 ceiling-mounted static
APs from the perspective of throughput and fairness. Finally,
we use theoretical analysis to further confirm the potential
gains of a CMM AP. In this work, as we identify there is
a promising potential gain of the CMM AP, a systematic
algorithm can then be correspondingly designed to leverage the
benefits of AP mobility to optimize the overall performance
for mmWave WiFi networks.
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II. NLOS ISSUE AND PROBLEM FORMULATION

A. NLOS Issue In mmWave WiFi
The key advantage of mmWave WiFi compared to con-

ventional WiFi is the availability of a massive amount of
spectrum. However, achieving the multi-gigabit performance
in mmWave WiFi is not a trivial problem, since the mmWave
signal propagation characteristics significantly differ from that
of the conventional frequency. The major difference is that
mmWave communication suffers from extremely high signal
attenuation [6] generally caused by: 1) high propagation loss:
there is an additional signal attenuation of 22dB at 60GHz
compared to that of 5GHz based on the free space path
loss model and the properties of the propagation media can
also significantly amplify the signal attenuation (e.g., oxygen
absorption at 60GHz); 2) high penetration loss: the attenuation
impact is significantly amplified when there is shadow fading
or NLOS between the transmitter and receiver pair; and 3)
sparse multipath diversity: multipath components propagating
through objects tend to have low signal power due to longer
propagation paths and additional reflection loss. Note that
a consequent advantage of mmWave WiFi compared with
conventional WiFi is that the high signal attenuation naturally
lowers the probability of interference.

Given the harsh mmWave signal propagation characteristics,
it is likely that robust wireless communication is hard to
achieve. While beamforming can be utilized to combat the
severe propagation loss in mmWave communication, the ad-
ditional loss caused by NLOS can lead to severe performance
degradation (e.g., a human blockage can lead to an additional
∼30dB loss [7]). Note that for 802.11ad, a 2dB additional
loss could lead up to 1Gbps performance drop when the
modulation and coding scheme drops from 23 to 22 [8]. As
LOS connectivity can provide an ideal channel condition,
it becomes highly critical in mmWave WiFi. In a simple
experiment to observe the impact of NLOS on mmWave WiFi
network performance, we build a mmWave link using a TP-
Link Talon AD7200 AP and an Acer Travelmate P648 laptop.
We observe that obstacles such as a wall, a metal cabinet, and a
cardboard box can degrade the link performance from 1Gbps
to 0Gbps, 0Gbps, and 0.52Gbps, respectively. Even though
LOS connectivity provides promising benefits for mmWave
WiFi, achieving LOS connectivity is not a trivial problem.
Typical indoor scenarios consist of randomly located obsta-
cles with various dimensions that could potentially block the
mmWave LOS communications. Besides, both the mmWave
devices and the obstacles can be dynamic, which would
prevent the possibility of predetermining the ideal AP location
with LOS connectivity to STAs. Infrastructure mobility is a
strategy which allows for changing the AP location adaptively
to optimize LOS connectivity between AP and STAs. Thus,
we consider infrastructure mobility as a promising candidate
solution to improve the mmWave WiFi network performance.

B. Problem Formulation and Scope
The network scenario considered in this work is a single

room with a single CMM AP serving STAs. For both the AP

and STAs, we assume both 5GHz and 60GHz are available.
A robotic actuator is available and can be mounted at any
arbitrary location in the room. An AP is attached to the
robotic platform and able to move to P discrete available
positions on the platform. The power and the Ethernet cords
are delivered to the AP through the robotic actuator. There are
m static STAs that intend to connect with the AP using 60GHz.
The information on STAs’ intention to connect to the AP is
communicated through 5GHz. The main metrics we focus on
are LOS and Throughput. LOS connectivity between the AP
and an STA is defined as a binary with 1 representing LOS
and 0 representing NLOS. Throughput between the AP and an
STA is measured as the goodput. For AP at location p (with
p ∈ [0, P ]) on the platform, LOSi,p and Thpti,p representing
LOS and throughput between AP at location p and STA i,
respectively. Within this scope, the objective of this work
is to identify the ideal AP mobile platform configuration to
enable infrastructure mobility and the corresponding potential
performance gain compared with static APs.

III. SIMULATION METHODOLOGY

To evaluate the performance of AP mobility quantitatively,
we use the ns-3 simulator [9]. To incorporate the features of
indoor configurations and 802.11ad, we make the following
modifications to the default ns-3 simulator.

A. Simulation of Indoor Scenarios
Due to the lack of an indoor scenario model (especially an

obstacle model) in ns-3, we implemented the following indoor
scenario features. A room is simulated as a specific three-
dimensional space with a given obstacle distribution model.
To simplify the simulations, we assume that the obstacles are
modeled as cuboids, and they are placed on the floor, where the
overlapping of obstacles is allowed to mimic complex cuboids-
based obstacles. Typically, when an STA is communicating
with an AP, it is located on the top of an obstacle (e.g., laptop
on the desk) or attached to the side of an obstacle (e.g., TV
on the wall). To simulate such practical scenarios, we consider
that the placement of the STA follows an obstacle dependent
distribution, where an obstacle is uniformly selected as the
base location for the STA, and the STA is uniformly distributed
on top or sides of the selected obstacles.

To accurately simulate the indoor obstacles, the imple-
mented obstacle model has the following features:
• The center of the obstacles follows a Poisson point process

(PPP) as shown in Eq. 1. The probability distribution for
the number of obstacles to be uniformly placed in an indoor
scenario is given as:

P{N = n} =
λn ∗ e−λ

n!
(1)

where, the expected number of obstacles per unit area
is defined as λ and n is the number of obstacles to be
distributed.

• The x, y, and z dimension of obstacles follow a truncated
normal distribution to constrain the maximum and minimum
of obstacle dimension.
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TABLE I: Default Parameters

Parameter Setting
Size of room (m) (9, 4, 3)
λ 4.7
(μx, μy , μz) (m) (0.54, 0.28, 0.61)
(σx, σy , σz) (m) (0.18, 0.08, 0.21)
Platform location Center of the ceiling
Platform orientation Parallel to shorter edge
Platform shape Straight line
Platform length (m) 3
P 30
STA number 1
npl 2
σm 2.24

• The material of the obstacle is uniformly chosen from [10]
to represent materials with various penetration losses.
We show the default parameters used in the simulation

in Table I. The parameters are derived by using a real-life
physical space (a lab environment) as a guiding example.
To build a cuboid-based obstacle model, the x, y, and z
dimensions are collected based on the largest dimensions of
a measured obstacle. We then collect the number of obstacles
in the lab space as n. To calculate the x, y, z dimension
distribution parameters, we use the distribution fitter in MAT-
LAB to calculate the best fit normal distribution with mean
μx, μy, μz , and standard deviation σx, σy, σz . The maximum
and minimum of x, y, and z dimensions of obstacles are
utilized as the range limits in the truncated normal distribution.

B. Simulation of 802.11ad
We use the 802.11ad model based on [11]. The simulator

provides all techniques that are essential for 802.11ad, such
as beamforming training and steering, hence providing an
accurate simulation environment for 802.11ad. The mmWave
channel is another essential component of simulating the
performance of 802.11ad. To incorporate shadow fading based
on information of mmWave WiFi devices and obstacles, we
consider the impact of shadow fading and multipath separately.
Specifically, we modified the widely accepted log-distance
based path loss model as follows:

L(d) = L(d0) + 10 ∗ npl ∗ log10( d
d0

) +Xs +Xσm (2)

where, L(d0) is the path loss at a reference distance d0,
npl is the path loss exponent, d is the distance between two
communication devices, Xs represents shadow fading where
the penetration loss is calculated based on the obstacles’ loca-
tion, dimension and material between mmWave WiFi devices,
and Xσm

represents the normally distributed multipath fading
with σm as the standard deviation. Particularly, Xs is 0 when
the communication link is in LOS connectivity. We collected
the average of 5 sets of experimental estimations of the log-
distance based path loss model to collect npl and σm based
on [12], which are presented in Table I.

IV. A SIMULATION-BASED STUDY OF AP MOBILITY

In this section, we use simulation analysis to identify
the potential impact and benefits of AP mobility using the

(a) LOS (b) Throughput
Fig. 1: AP Mobility: Floor vs. Walls vs. Ceiling

simulation platform described in the previous section. Specif-
ically, considering the case of AP mobility, to evaluate the
performance of a specific STA i with the mobile AP, we utilize
the optimal LOS (Maxp(LOSi,p)) and optimal throughput
(Maxp(Thpti,p)), which represents the maximum LOS and
throughput performance that can be achieved while AP is
at location p on the mobility platform. In this context, we
investigate 1) the impact of different AP mobile platform con-
figurations on network performance, and 2) the performance
of a CMM AP and multiple static APs.

A. AP Mobility Platform Configurations

AP Mobility - Floor vs. Walls vs. Ceiling: Intuitively, as
the platform is located on the ceiling, the expected LOS and
throughput performance of the platform should be the best
compared to the platform placed on the walls or the floor.
We use quantitative simulation analysis to validate the above
hypothesis and identify the corresponding performance gain
of a CMM AP.

Fig. 1a illustrates the optimal LOS probability when the AP
platform is located on the floor, the walls, and the ceiling. The
expected optimal LOS probability of the CMM AP performs
88%, 100%, 137%, 60%, and 540% better compared with AP
located on the left wall, the right wall, the front wall, the
rear wall, and the floor, respectively. Clearly, the floor-based
platform has the worst LOS performance due to the high
probability of blockage. In this set of simulations, because
of the specific randomly generated layout of obstacles, the
AP mobile platform has relatively high performance when
it is located on the rear wall compared with other walls.
Similarly, Fig. 1b illustrates the throughput performance 1.
The expected optimal throughput of the CMM AP is 101%,
116%, 139%, 54%, and 460% better compared with AP
located on the left wall, the right wall, the front wall, the
rear wall, and the floor, respectively. The maximum achieved
throughput performance is nearly 4Gbps. We observe that
LOS performance is proportional to throughput performance.
It is interesting to observe that the throughput performance
is mostly either maximum or minimum. The reasons are that
NLOS connectivity is likely to result in minimum performance
due to high penetration loss, and LOS connectivity is likely
to result in maximum performance due to the limited room
size. In Section V, we use theoretical analysis to validate the
relationship between LOS probability and the AP’s height.

1The STA index in all figures is sorted in ascending fashion with respect
to the metric being plotted for easier interpretation.
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(a) LOS (b) Throughput
Fig. 2: Comparison of Locations on Ceiling

The performance of a CMM AP is significantly better
than that of floor-based or wall-based AP mobility.

Ceiling Location: Based on the above simulation analysis, it is
clear that a CMM AP achieves the best performance compared
with other types of AP mobility. However, considering the
default linear robotic platform, the orientation and location to
place the platform is still an interesting problem to investigate.
We use simulations to validate the expected optimal LOS and
throughput performance when the platform is located on the
edges and the center of the ceiling with the direction of the
platform either parallel to the shorter edge or the longer edge.
The specific instances of ceiling locations considered are: on
the left shorter edge (LS), right shorter edge (RS), center
parallel to the shorter edge (CS), front longer edge (FL), rear
longer edge (RL), and center parallel to the longer edge (CL).

Fig. 2a and 2b show the optimal LOS probability and
optimal throughput performance as the AP platform is located
at the edges or the center of the ceiling with orientation parallel
to the shorter edge or longer edge. Clearly, the CS based
AP platform has optimal performance. There are 21%, 23%,
42%, 16%, and 36% LOS probability improvement of the CS
based platform compared with LS, RS, FL, CL, and RL based
platform, respectively. The throughput performance gain is
observed to be proportional to LOS performance and follows
a similar trend. Since the obstacles follow a PPP and the STAs
follow an obstacle dependent distribution, the center-based
CMM AP is more likely to have the largest LOS coverage area.
Even considering the case with NLOS connectivity between
the AP and STAs, the AP platform located at center benefits
from shorter expected distance w.r.t. STAs. Thus, it leads to
less expected propagation loss providing a higher margin at the
receiver to compensate for the additional penetration loss. It is
also interesting to observe that when the platform is parallel
to the shorter edge, the performance is better than when the
platform is parallel to the longer edge. We will validate that
higher LOS probability can be achieved while the platform
is parallel to the shorter edge of the room using theoretical
analysis in Section V.

The performance of CS based CMM AP is better than
that of other locations based CMM APs.

Platform Shape: The major advantage of AP mobility is the
diversity in AP locations provided by the AP mobile platform.
As the shape of the AP mobility platform can dramatically
change the AP diversity locations, it can have significant
impact on network performance. We herein investigate the

(a) LOS (b) Throughput
Fig. 3: Comparison of Platform Shape

impact of different AP mobility platform shapes on the net-
work performance. We consider 4 different platform shapes: 1)
straight line (SL), where AP location diversity is along a single
dimension, 2) cross straight line (CSL), with two perpendicular
lines with the same length, 3) compressed square (CSQ),
where the AP mobile platform has continuous movement range
in a given square area, 4) Square (SQ), where the AP mobile
platform can only move on the boundary of a given square
area. Specifically, the total length for the AP mobile platform
is fixed as 3m for all the platform shapes, and the width of
the platform segment is 0.65m.

Fig. 3a and 3b present the optimal LOS and throughput
performance of different platform shapes. The expected op-
timal LOS probability of the SL based CMM AP performs
19%, 36%, 12% better than SQ, CSQ, and CSL based CMM
AP, respectively. Similarly, the throughput performance gain
is proportional to LOS performance. Clearly, SL based CMM
AP performs the best and CSQ based CMM AP performs
the worst. If the diversity of AP locations is maximized, the
overlapping coverage area of all the AP locations is minimized.
For the CSQ based CMM AP, the AP mobile platform provides
continuous movement range in a given square area, where the
AP location diversity is minimized, which leads to a limited
performance gain. On the other hand, the SL based CMM AP
maximizes the AP location diversity in a linear fashion, which
leads to significantly better performance gain compared with
other platform shapes.

The performance of a SL based CMM AP is better than
that of the other shapes based CMM AP.

Platform Length: Clearly, the larger the CMM AP platform
is, the higher the potential AP location diversity can be
provided, which can lead to a higher performance gain. The
question we would like to investigate here is the performance
gain when the platform length varies. Specifically, we change
the platform length from 1m to 4m with steps of 1m.

Fig. 4a and 4b show the optimal LOS probability and
throughput performance of different platform lengths. The
performance of the CMM AP increases as the platform length
increases. It is interesting to observe that the performance gain
is not linearly proportional to the platform length. Specifically,
the performance gain varies from 35%, 17%, and 12% when
the platform length increases from 1m/2m/3m to 2m/3m/4m,
respectively. As we identified within the ceiling location-based
simulations, the AP mobile platform located at the edge of the
ceiling leads to lower performance compared with the mobile
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(a) LOS (b) Throughput
Fig. 4: Comparison of Platform Length

AP located at the center of the ceiling. As the platform length
increases towards the edge of the room, the performance gain
per additional unit additional length decreases.

As the CMM AP platform length increases, the perfor-
mance gain per additional unit length decreases.

B. A CMM AP vs. Static APs

Single STA scenario: After identifying that the platform
configurations of a CMM AP can have a significant impact
on network performance, we compare the performance of a
CMM AP with ideal configurations with multiple static APs.
The ideal CMM AP configurations follow the definition in
Table I. A linear placement methodology is applied to place
static APs on the ceiling. For a specific STA, we consider the
maximum LOS and throughput performance achieved by one
of the multi-AP as the performance of the multi-AP case. The
number of static AP is set to be 1 to 5.

Fig. 5a and 5b show the expected optimal LOS and
throughput performance of the CMM AP and static APs. We
can observe that on an average the expected optimal LOS
performance of CMM AP performs 92%, 44%, 33%, 23%,
and 21% better than 1∼5 static APs, respectively. Similarly,
we can observe that on average expected optimal throughput
performance of CMM AP performs 72%, 38%, 19%, 15%,
and 12% better than 1∼5 static APs, respectively. Clearly, both
LOS and throughput performance of the CMM AP are better
than 1∼5 static APs. Specifically, the LOS and throughput
performance of static APs increase as the number of static
AP increases due to the improved AP location diversity. It is
interesting to observe that the throughput performance of static
APs increases by 25%, 16%, 3%, and 3% when the number of
static APs increases from 1/2/3/4 to 2/3/4/5. We can observe
that after the number of static AP reaches 3, the performance
of static AP saturates due to the limited improvement of AP
location diversity. Thus, the performance of the CMM AP with
higher AP location diversity is better than as many as 5 static
APs.

The performance of a CMM AP is better than that of
1∼5 ceiling mounted static APs.

Multi-STA scenario: Other than throughput performance,
network fairness is another essential metric for WiFi networks
considering a multi-STA scenario. Fairness becomes even
more critical in mmWave WiFi networks. Considering a 2-
STA scenario, if the first STA is in NLOS with the AP

(a) LOS (b) Throughput
Fig. 5: CMM AP vs. Multiple Static APs

and the second STA is in LOS with the AP, the aggregate
network throughput performance will still be high. However,
the STA in NLOS is likely to experience severely bad service
quality. Thus, network fairness becomes a challenging issue
to solve in mmWave WiFi as it is hard to guarantee the LOS
connectivity between AP and all STAs. We will analyze both
the throughput and fairness performance of the CMM AP
and static APs in a multi-STA scenario. For simplicity, we
assume only single AP is actively serving Multi-STA at a time
without considering the problem of MAC sharing and optimum
pairing between multi-AP and multi-STA. Specifically, we
consider both optimal throughput and optimal Jain’s fairness
index ((Maxp(fairnessi,p))) [13] for evaluations. For Jain’s
fairness index, it ranges from 1/ns (single STA has aggregate
network throughput) to 1 (each STA has equal throughput),
where ns is the number of STA. ns is set as 5.

Fig. 6a shows the aggregate optimal throughput performance
of the CMM AP and static APs. The throughput performance
of CMM AP outperforms 1∼5 static APs are 76%, 35%,
7%, 4%, and 5%, respectively. The throughput performance
of CMM AP is significantly better than static APs when the
number of static AP is smaller than 3. As the number of static
AP becomes larger than 3, the CMM AP performance gain is
not significant. The reason is that as long as one STA among all
STAs is in LOS with the AP, the throughput performance will
be high. Thus, as the number of AP increases, it is likely that
at least one STA is in LOS connectivity with one of the AP.
To further analyze the network fairness, Fig. 6b presents the
Jain’s fairness index for CMM AP and static APs. The fairness
performance of the CMM AP is 91%, 69%, 35%, 26%, and
28% better than 1∼5 static APs, respectively. Although the
throughput performance of the CMM AP is comparable to 4∼5
static APs, the CMM AP can achieve better network fairness
compared with static APs for the multi-STA scenario. The
reason is that the CMM AP can provide the highest number
of LOS connectivity with STAs due to the higher AP location
diversity provided by the AP mobile platform.

A CMM AP can perform better than 1∼5 static APs in
the perspective of throughput and fairness.

V. A THEORETICAL STUDY OF AP MOBILITY

In this section, we use stochastic geometric methods to
evaluate the performance of the CMM AP theoretically. First,
we analyze the LOS probability in terms of the heights of the
AP and STAs and any obstacle between them as shown in Fig.
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(a) Throughput (b) Jain’s Fairness Index
Fig. 6: Comparison of Multiple STAs

Fig. 7: Side view of a room

7. We know that an obstacle intersecting the link between AP
and STA with a horizontal length of d blocks the LOS path if
and only if its height ho > hx, where hx = x

d ·(HA−hc)+hc,
and HA and hc are the heights of AP and STA, respectively.

We use B to denote the event that the LOS path between
AP and STA is blocked. Assuming the heights of the obstacle
ho and STA hc follow the uniform distributions U(ao, bo)
and U(ac, bc), respectively, the conditional probability that an
obstacle blocks the LOS path is:

ε =
+∞∫
−∞

P (B|hc) · fH(hc)dhc = 1− 1
4 · 2HA−(bc−ac)

bo−ao
(3)

Note that ε is independent of the number of obstacles only
when the intersections with obstacles form a PPP on the LOS
path between the AP and the STA. Therefore, incorporating the
height of obstacles only introduces a constant scaling factor ε
to the results that without considering the height.

Based on the Boolean scheme [14] of rectangles for obsta-
cles in 2D blockage model without height effects, we know
that the blockage area between AP and the STA is:

Sb(w, l, θ, r) = r · (| cos θ| · w + | sin θ| · l) + w · l (4)

where w, l, θ are the obstacle’s width, length and orientation,
respectively. In addition to the obstacle’s basic parameters,
we can see that the blockage area Sb is related to the distance
r between AP and STA. With a randomly located STA, this
distance can be varied from 0 to R in a specific room, where
R is the achievable distance between the AP and that random
STA, which can be computed as:

R = max{
√
x2
a + y2a,

√
(xa − rl)

2
+ y2a,

√
x2
a + (ya − rw)

2
,√

(xa − rl)
2
+ (ya − rw)

2}
(5)

where xa, ya are AP’s horizontal and vertical coordinates, and
rl, rw are the length and width of the room (rl ≥ rw).

Here we assume obstacles form a Boolean scheme of
rectangles, and their centers Co of these rectangles form a

homogeneous PPP of density λ. The widths Wo and lengths
Lo are assumed to be i.i.d. distributed and follow the normal
distribution as N (μw, σ

2
w) and N (μl, σ

2
l ). The orientation θo

of every obstacle is assumed to be uniformly distributed in
(0, 2π]. Let K be the total number of obstacles with random
sizes that fall in their respective blockage areas Sb, and
K(Sb) =

∑
w,l,θ N(w, l, θ). According to the superposition

theorem of the PPP, K is also Poisson distributed, and its
expectation can be calculated as:

E[K] =
∑
w,l,θ

K(w, l, θ)

=
R∫
0

[ 2π · λ · (μw + μl) · r + λ · μw · μl] · fD(r)dr
(6)

where fD(r) is the probability density function of the distance
between AP and STA in a specific room. Since the AP’s
position (xa, ya) and the STA’s position (xc, yc) are inde-
pendent and assumed to follow the uniform distribution, i.e.,
X ∼ U(0, rl), Y ∼ U(0, rw), we calculate the convolution of
event (Xa −Xc)

2 and event (Ya − Yc)
2 so that fD(r) is:

fD(r) =

⎧⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎩

2r3

rw2rl2
− ( 4r2

rw2rl
+ 4r2

rwrl2
) + 2πr

rwrl
, 0 < r ≤ rw

− 4
rw2rl

· r2 − 2
rl2

· r + 4
rwrl

· r · arcsin( rlr )
+ 4

rw2rl
· r · √r2 − rw2, rw < r ≤ rl

−( 2r
rw2 + 2r

rl2
) + 4r

rwrl
· [arcsin( rwr ) + arcsin( rlr )]

+ 4
rw2rl

· r · √r2 − rw2 + 4
rwrl2

· r · √r2 − rl2

− 2π
rwrl

· r − 2
rw2rl2

· r3, rl < r ≤ √
rw2 + rl2

(7)

Then, we incorporate the height effect of obstacles, and the
LOS probability in terms of AP’s location is obtained by
substituting Eq. (3)-(7) into the following equation:

PLOS(xa, ya) =
[λ(xa, ya)]

n

n!
e−λ(xa,ya)|n=0 = e−min{ε,1}·E[K]

(8)
Note that the closed-form equation of E[K] is not listed here
due to the space limitation, and it can be derived by calculating
the integral of Eq. (6).

With this analytical result, we first investigate how the AP’s
height affects the LOS probability. According to Eq. (3) and
(8), we observe that HA is inversely proportional to ε, so PLOS

increases monotonically with increasing HA. It proves that the
largest AP height provides the maximum LOS probability.

Now, we consider how the LOS probability varies with
different AP locations on the ceiling of a room. Fig. 8 shows
LOS probability vs. AP’s locations.We identify that a linear
CS based CMM AP can achieve the highest LOS probability.
Due to space limitations, we consider the theoretical analyses
of the platform shape and length as further work.

VI. RELATED WORK

As LOS connectivity becomes a critical bottleneck for
mmWave communications, there are numerous research works
that address this by proposing compensation methods. We
categorize related works that have addressed the challenges
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Fig. 8: LOS probability vs. AP’s location

related to LOS connectivity into three types: 1) multi-band
approach, 2) improving channel quality, and 3) establishing
indirect LOS connectivity. In multi-band approaches, mmWave
is only utilized for good (e.g, LOS) connections, and con-
ventional band is utilized when the mmWave connections
experience poor propagation (e.g., NLOS) conditions. [15]
utilizes localization by tracking angle change to steer the beam
to a new location for mobile STAs, and re-directing user
traffic to a more robust wireless interface in the absence of
LOS (e.g., from 60GHz to 5GHz). To provide good signal
reception between AP and STAs, some possible approaches
are: 1) infrastructure mobility: related works include [16]
where robotic APs make adjustments to their positions to
converge to an optimum position; 2) multiple APs: [17], [18]
considers to deploy more than one AP in a single scenario to
increase the probability of LOS between AP and STAs; and
3) relays: [19], [20] utilizes relays to improve signal quality
at the receiver end. Of these, only infrastructure mobility can
improve physical channel conditions dynamically.

The approach to establish indirect LOS connectivity be-
tween AP and STA typically requires modifications to the
propagation environment, which can be infeasible [21].

VII. CONCLUSIONS

In this work, we explore the use case of infrastructure
mobility to provide the LOS connectivity to STAs within
indoor mmWave WiFi networks. We make a detailed case for
a CMM AP by comparing its performance with other types of
AP mobility and multiple static APs. Through both simulation
and theoretical analyses, we identified that the CMM AP is
a promising strategy to improve the performance of mmWave
WiFi. Given the benefits of infrastructure mobility, the follow-
ing are the essential future work to be considered: 1) analyzing
benefits of AP mobility in case of dynamic environment (e.g.,
moving STAs),2) designing a systematic algorithm to leverage
the benefits of AP mobility, and 3) AP mobility cost analysis.
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