
0018-9545 (c) 2020 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TVT.2020.2991547, IEEE
Transactions on Vehicular Technology

1

Augmenting Transmission Environments for Better
Communications: Tunable Reflector Assisted

MmWave WLANs
Lan Zhang, Li Yan, Bin Lin, Haichuan Ding, Yuguang Fang, Fellow, IEEE,

and Xuming Fang, Senior Member, IEEE

Abstract—Conventional design of wireless transmissions
mainly focuses on manipulating end devices to better adapt
to the transmission environments, such as channel coding and
modulation techniques, whose performance is significantly af-
fected by the quality of the transmission environments. In this
paper, we propose an innovative idea to proactively manipulate,
reconfigure, and augment wireless transmission environments to
better support end-to-end services. Specifically, we implement this
idea into the commercialized millimeter-wave (mmWave) wireless
local area networks (WLANs) to address the vulnerability to
blockages in mmWave bands. Without damaging the aesthetic
nature of environments, we deploy multiple small-piece highly-
reflective metallic reflecting surfaces as tunable reflectors, where
alternative indirect line-of-sight links are created by tuning the
orientations of the reflecting surfaces. To demonstrate our idea,
we devise a novel adaptive mechanism, mmRef, to enable the
implementation of tunable reflectors in mmWave WLANs, where
the system architecture, operational procedures, and the signaling
process are developed, respectively. To theoretically quantify the
expected benefits, we characterize the outage probability and
system throughput of mmRef mechanism based on stochastic
geometry theory. Simulation and numerical results demonstrate
the effectiveness of implementing mmRef and the significantly
improved system performance.

Index Terms—environment augmentation, mmRef, mmWave,
WLAN, stochastic geometry, tunable reflector.

I. INTRODUCTION

Wireless communication has served as the linchpin of
modern society since the invention of the telegram. In the
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last few decades, great efforts have been put on enhancing
wireless communication performance. Due to the uncertainty
of wireless environments, most existing design focuses on ma-
nipulating end devices, i.e., transmitter and receiver, to adapt
to the transmission environments for better communications,
such as channel coding, modulation, and power management
techniques [2]–[4].

However, their transmission performance might be seriously
affected or limited by the quality of the transmission envi-
ronments. For example, beamforming techniques have been
widely used in millimeter-wave (mmWave) communications
to address the severe signal attenuation due to the short
wavelength [4], [5]. However, even with an accurate beam
alignment, an mmWave link can be easily interrupted by
the dynamic transmission environments like a moving human
body, due to the poor penetration and diffraction, as well as
the nature of directional transmissions in mmWave bands [4],
[5]. Unfortunately, the interruption can be hardly avoided by
enhancing end devices, such as increasing transmit power or
directivity gain. Motivated by such observations, in contrast to
only manipulating end devices, this paper seeks a novel way
to proactively manipulate, reconfigure, and finally augment
mmWave transmission environments. To demonstrate our idea,
we focus on mmWave wireless local area networks (WLANs),
the frontier of the commercialized mmWave communica-
tions [6]–[8], to address the vulnerability of blockages for
better mmWave WLANs.

Recently, increasing attention has been put on taking
transmission environments into account for better mmWave
communications [9]–[11]. Through bouncing off surrounding
environments like wall and floor, Xue et al. proposed to
concurrently transmit multiple reflected beams to one user [9].
However, the reflection loss caused by the poor reflectance
of surrounding environments was not considered, where the
attenuation can be almost 40% through reflecting by materials
like drywall [12], [13]. Fortunately, smooth metallic plates
with perfect reflectance, i.e., reflecting nearly 100% signal
strength [10], can be deployed cost-effectively to guarantee the
quality of reflected signals. Zhou, et al. deployed a metallic
ceiling in a data center to enable the simultaneous trans-
missions of multiple machine pairs through mmWave bands,
whose effectiveness is verified through the testbed [10]. Sim-
ilar idea was used in a multi-cubicle office for simultaneous
mmWave transmissions [11]. However, unlike a data center
used to hold multiple computing servers, WLANs are usually
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used by human beings and the coverage areas tend to be inhab-
ited by people, where fully metal-coated ceiling may lead to
inconvenient and unattractive living environments. Therefore,
we propose to implement multiple small controllable (smart)
reflectors in order to collaboratively manipulating WLAN
transmission environments without damaging the aesthetic
nature.

Considering the unpredictable transmission outages caused
by the varying environments, e.g., a static user station (STA)
blocked by dynamic obstacles, as well as the limited coverage
of a small-piece metallic plate1, we incorporate controllable
angle tuning function into the reflector design. In this way,
the transmission environment can be reconfigured by flexibly
tuning the angles of multiple reflector plates to effectively
adapt to the varying WLAN transmission environments. As
a remark, we must point out that the angle tuning may
take time and mechanical energy, and thus the environment
augmentation is designed to be user oriented in the sense that
the environmental augmentation with reflectors depends on
the current user configuration and the applications demanded
by the users. For example, the requester can be a blocked
STA with a relatively long remaining service time, where
the sacrificed angle tuning overhead is worthwhile for the
continuous transmissions through reflective links. Thus, the
reflector angle adaptation must be done according to certain
criterion. Our recent work devised the criterion for augment-
ing vehicular transmission environments [14]. In addition, it
should be mentioned that besides the mechanically tunable
metallic surface, the entity of reflectors can also be chosen as
the reflector-array or reconfigurable meta surface [15], [16].
This paper implements the former tunable metallic surface as
an example of reflectors to demonstrate our idea. To the best
of our knowledge, none of existing research has considered to
proactively augment mmWave WLAN transmission environ-
ments by collaboratively and flexibly manipulating multiple
tunable reflectors.

In this paper, we propose to proactively manipulate, recon-
figure, and finally augment the transmission environments of
mmWave WLANs without damaging the aesthetic nature. By
deploying relatively cheap reflectors (comparing with regular
mmWave communication devices), the communication quality
is boosted by dynamically tuning the angles of reflecting sur-
faces. As a proof of concept, this paper serves as the first step
towards this goal. We focus on two fundamental questions:
How to implement the tunable reflectors in WLANs? What
performance benefits can be expected? Our main contributions
are summarized as follows:

• We propose a novel adaptive mechanism, called mmRef,
to effectively implement tunable reflectors in mmWave
WLANs. The system architecture is developed from the
control-/data-plane decoupling design [17], [18]. Con-
sidering the inherent blindness of directional transmis-
sions, a controller operating at the relatively reliable
low-frequency bands is introduced with omni-directional
coverage, supporting fast handshakes among the trans-

1Based on the strict reflection rule (identical incidence and reflection angle),
a reflector with static orientation can only serve STAs in very limited area.

Fig. 1. The system architecture of mmRef for tunable reflector enabled
transmission environment augmentation in mmWave WLANs.

mitter (Tx), relaying reflector(s) and receiver (Rx), and
facilitating directional mmWave transmissions.

• We design the operational procedures of mmRef to enable
indirect LoS reflective links. The signaling process and
two algorithms are designed to ensure the performance
of establishing reflective links.

• Based on the stochastic geometry theory, we theoretically
evaluate the expected performance by implementing mm-
Ref. Specifically, we characteristic the outage probability
and throughput of reflective transmissions. Unlike the
channel model for a direct link, the characterization of a
reflective link is challenging because we have to consider
both Tx-reflector and reflector-Rx links.

• Based on extensive simulation and numerical experi-
ments, we have demonstrated the effectiveness of the pro-
posed mmRef implementation. Meanwhile, the benefits in
terms of the outage and throughput performance are sig-
nificant in the augmented mmWave WLAN environment.

The rest of this paper is organized as follows. Section II
presents the overview of mmRef. Section III details system
operation procedure and the smart reflective-link establish-
ment scheme. Section IV theoretically analyzes the system
performance. Simulation and numerical results are evaluated
in Section V. Section VI concludes this paper.

II. OVERVIEW OF MMREF MECHANISM

To implement tunable reflectors in mmWave WLANs, we
propose a novel adaptive mechanism, mmRef. In this section,
we first present the system architecture of mmRef, followed
by its advantages.

A. The System Architecture

To automatically mitigate the inherent blindness of di-
rectional transmissions while saving cost, we develop the
system architecture from the concept of control-/data-plane
decoupling [17], [18]. As shown in Fig.1, the whole sys-
tem is composed of mmWave access points (mmAPs), a
controller, tunable reflectors and STAs. The data-plane pro-
vides mmWave services with up to multi-Gbps data rate by
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mmAPs. The control-plan aims at fast handshakes among
Tx, relaying reflector(s), and Rx, facilitating operations on
directional mmWave transmissions, which is assumed to be
reliable based on the advanced technologies in cyber-physical
systems nowadays. The control-plane is coordinated by a
controller, which could physically be a legacy AP using
relatively reliable low-frequency bands with omni-directional
coverage2. Based on the control signalling, the angle of a
reflector plate can be adjusted to tune the reflected beam to
optimally serve surrounding STAs. This work utilizes multiple
reflector plates with tunable functions. Each tunable reflector
is composed of a cheap metallic plate, such as aluminium
sheets [10], [19], a low-frequency transceiver and a simple
mechanical device. Instead of the more expensive mmWave
transceivers, cost-effective low-frequency transceivers, such as
the commercialized WLAN transceivers at 2.4GHz band, are
used. The mechanical/electrical device is equipped to control
the metallic plate. As aforementioned, the entity of tunable
reflectors can also be the reflector-array or intelligent recon-
figurable meta-surfaces [15], [16]. To enable the reflective
link between an mmAP-STA pair, the controller connects with
mmAPs through either low-frequency links or deployed wired
links, depending on specific applications. An STA equips
both the low-frequency and mmWave transceivers for control-
/data-plane signaling, respectively. It should be mentioned
that the reflector placement is another interesting research
problem, especially for different WLAN environments like
offices and malls, which is out of scope of this work. This work
assumes that tunable reflectors are already placed in WLAN
environments, and the optimal placement will be explored in
our future work.

B. Why mmRef?

The idea of utilizing reflected beams has already been
incorporated in IEEE 802.11ad standard [6], [20], [21]. Based
on exhaustive search, the beam with the strongest received
signal strength is selected, which might be the superposition
of reflected signals especially when the direct link is blocked.
However, outages still happen due to the severe attenuation
impinging on normal surrounding environments [12], [13],
[22]. As illustrated in Fig.1, the interrupted transmissions are
usually caused by the unpredictable changes in the environ-
ment, which can be roughly divided into two cases: the moving
obstacle blocks a static STA or the moving STA encounters
static blockages. As aforementioned, considering the time and
energy overhead of reflector angle tuning, this work focuses on
devising mmRef mechanism for interrupted individual STAs
with large-scale remaining transmissions, where the sacrificed
overhead is worthwhile for their continuous transmissions
through reflective links. This is particularly suitable in WLANs
as a user tends to stay at a location stationary for relatively
long time for his/her services. To reconfigure the transmission
environments for optimal service deliveries for all users under
the coverage seems to provide a viable solution. In addition,

2Note that the controller can be a software or firm ware. For example the
controller can be implemented at a base station in cellular systems, if WLANs
and cellular systems are integrated.

the mmRef architecture can be adopted to serve other applica-
tion scenarios. For example, a system operator can reconfigure
the overall transmission environment to circumvent possible
blockages at a larger time scale. Due to the page limit, other
application scenarios will be explored in our future work. In
summary, the mmRef system architecture has the following
advantages:
• Compatible. The mmRef changes beam directions in the

middle of propagation, which can be used for different
mmWave WLAN standards.

• Flexible and expandable. The deployment of tunable
reflectors can be dynamically changed based on spe-
cific scenarios, such as crowded or sparse, indoor or
outdoor. Moreover, the centralized control can flexibly
realize diverse system goals, such as maximizing system
throughput, minimizing blind spots, etc.

• User-oriented. The mmRef is an option for STAs in
mmWave WLANs, i.e., an STA may not use mmRef
when transmission interruptions in the environment are
not too many.

• Cost-effective. Besides the lower cost of a tunable re-
flectors compared with a mmWave relay, the forwarding
energy of relays can be further saved in the established
reflective links, especially for a long-term transmission.

III. THE MMREF IMPLEMENTATION

Based on the system architecture, this section first elabo-
rates the corresponding operational procedures, followed by a
reflective link establishment scheme.

A. Operational Procedures

We design the operational procedures into two modules,
namely, Initialization Module and Service Module. The ini-
tialization module periodically acquires the information of
serving devices, i.e., mmAPs and reflectors, based on which
the service module provides mmWave transmissions through
reflective links. In the following, we detail the operations in
the two modules, respectively.

1) As illustrated in Fig.2, the Initialization Module first
generates the topology of all serving devices. Specifically,
based on the location of mmAP n, the controller records the
locations of all applicable reflectors for mmAP n through
a table Tn, named by MTable. Instead of simply recording,
Tn is a two-dimensional table with size M × J , where each
table element records information of one reflector, including its
identity (ID), location, and usability (either idle or occupied).
M and J represents the number of all beam directions of
mmAP n and the maximal considered reflectors in one beam
direction, respectively. Note that IEEE 802.11ad standard
divides the 360◦ omnidirectional space into a set of equal-size
consecutive sectors S = {S1, S2, ..., SM}, where each sector
corresponds to a beam direction with beam-width θmmAP ,
and θmmAP ×M = 360◦. To adapt our reflective links to the
directional transmissions based on IEEE 802.11ad standard,
we record reflectors geographically located in different sectors
into different rows, where reflectors in the ith row of Tn
are located inside the ith sector of mmAP n. In addition,
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Fig. 2. The operation procedures of mmRef. Note state transition condition
’S’ and ’F’ respectively represent succeed and failed output.

considering the severe distance-related propagation loss, with
unknown STA locations and unpredictable blockages, a reflec-
tor geometrically closer to an mmAP is preferred due to the
average better transmission performance brought by geometric
proximity, which will be further discussed later. Thus, to better
utilize deployed reflectors, the reflectors in the row of Tn are
sorted in an ascending order based on their distances to mmAP
n. As an example in Fig.2, reflector 1, 3 and 5 are located
inside sector i, and reflector 3 is the geometrically closest one
to mmAP n.

2) The Service Module is operated based on a finite machine
state (FSM) that is activated due to the mmRef service request
sent from an STA. The FSM includes 5 states that are detailed
below.
• In STA association state, an STA respectively connects

to the controller and an mmAP based on existing WLAN
standards, where the two associations can respectively
refer to IEEE 802.11ad standard and IEEE 802.11g
standard when the controller is a 2.4GHz AP [6], [7],
[20], [23].

• In data transmission state, high-speed data services are
provided by mmAPs through either the established direct
or reflective links, or the links based on IEEE 802.11ad
standard [6], [7], [20], [23].

• Both the transmission failure and data transmission states
can terminate this FSM, and the corresponding feedback
is sent back to the STA.

• The reflective link establishment state is the core of
the FSM, which is activated due to the transmission
interruption, i.e., the failure of data transmission state.
This state aims to select available reflectors and their cor-
responding angles to recover the interrupted transmission.
To efficiently and effectively manage this state, we design
a reflective link establishment scheme detailed below.

B. Reflective Link Establishment Scheme

As the critical state of the service module, the overhead of
this state determines the delay of the transmission recovery

from outage. Meanwhile, the selected reflectors and the cor-
responding tuned angles determine the quality of the reflected
signal. Thus, we first design the signaling process, followed
by two algorithms for this state.

1) Signaling Process: As illustrated in Fig.3, the signaling
process is activated due to the transmission interruption of
STA i, where a service request as well as the information
of the serving device is sent to the controller in signalling
1). Signaling 1) carries the identity of the associated mmAP
and the previous transmission sector Sni . Based on signaling
1), the controller sends an inquiry to mmAP n in signaling
2) to examine its serving ability3. Once the service can be
continuously provided by mmAP n, based on signaling 3), the
controller sends back an acknowledgement (ACK) to STA i in
signaling 4) and selects reflectors based on Algorithm 1 (smart
reflector candidate selection, SRCS) detailed later. Denote the
reflector set participating the following angle tuning between
mmAP n and STA i by reflector candidates RCni , where RCni
is derived by Algorithm 1. The controller informs the selected
RCni to start reflector angle tuning (RAT) in signaling 5).
Once ACKs are sent back from these reflectors in signaling 6),
the controller assigns them to mmAP n in signaling 7). After
acquiring beam directions pointing at RCni , an ACK is sent
back from mmAP n in signaling 8). The controller coordinates
mmAP n, STA i and reflector candidates RCni for synchro-
nization in signaling 9), and then operates the Algorithm 2
(fast reflector angle tuning, FRAT) detailed later for RAT.
Based on the outputs including serving reflector identity RIni
and their corresponding angle RAni , the controller respectively
informs mmAP n, STA i and RIni in signaling 10). Once the
ACKs are received in the controller in signaling 11)-13), the
data transmission through a reflective link is established.

Note that the overhead of the aforementioned control signal-
ing transmissions is usually very limited, since the light pay-
load of control signaling leads to short transmission time and
robust transmission mechanisms, such as the reliable channel
coding and modulation schemes. Rather than waiting for the
unpredictable transmission recovery as shown in Fig.1, mmRef
provides a solution to create the recovery while sacrificing
the overhead for the reflective link establishment. To capture
the channel variation, these reflective links should be trained
within the beam coherence time, which is defined to character-
ize the frequency of beam alignment in directional mmWave
transmissions [24]. Although the beam coherence time in low-
mobility short-range WLANs is further increased compared
with that (a few seconds based on simulations in [24]) in
highly dynamic vehicular environments, reflective links should
be fast established to guarantee the system performance.
Therefore, the SRCS and FRAT algorithms are respectively
proposed to accelerate the reflective link establishment while
guaranteeing the link performance.

2) Smart Reflector Candidate Selection (SRCS): Due to
the tunable design, all reflectors surrounding an mmAP can
be reflector candidates for RAT to further discover the final

3The reason that serving ability of an mmAP is checked is to avoid the
outage due to the inability of the mmAP to support the requested service.
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Fig. 3. The signaling process of reflective link establishment. The black solid lines and the blue double solid lines respectively represent the transmissions
of control signals through reliable low-frequency bands and the transmissions of data signals through mmWave bands.

serving reflective links. However, there are several challenges
for reflector candidate selection:
• The number of reflector candidates should be limited

to reduce the cost and overhead introduced by more
reflected beams.

• The channel state information (CSI) of a reflective link,
i.e., the usability of a reflector, cannot be acquired before
training its angle.

• The controller does not know exact locations of dynamic
STAs and blockages, which can only be inferred from the
previous interrupted transmissions.

To address these challenges, we propose a heuristic algo-
rithm, namely SRCS, to target at a small group of reflectors
with expected good performance. Denote the set of reflector
candidates selected by SRCS algorithm for the interrupted
transmission between mmAP n and STA i by RCni . Given the
previous transmission sector of mmAP n towards STA i by
Sni ∈ Sn, where Sn is the sector set of mmAP n, the location
of STA i and that of the blockages can be inferred inside or
close to Sni . Since the reflectors surrounding mmAP n are
recorded in MTable Tn and ordered based on their geometric
locations classified by the sectors of mmAP n, as illustrated in
Fig.2, we first determine the geographical area to select RCni
in the form of mmAP sectors, and then find the specific RCni
located inside these sectors.

Since the locations of blockages are usually unpredictable,
reflector candidates RCni should be scattered over the environ-
ment. In this way, the unpredictable blockages are more likely
to be circumvented due to the increased link diversity. Denote
the size of RCni , i.e., the number of selected reflector candi-
dates, by Nn

i,RC , which is assigned by the controller. Since a
reflector is only located inside one mmAP sector, denote the
set of the corresponding sector area of each reflector in RCni
by SSni , where each element sector Snm ∈ SSni represents
the located sector of reflector m, and thus |SSni | = Nn

i,RC .
To realize high transmission diversity, reflector candidates in

Algorithm 1 Smart Reflector Candidate Selection (SRCS)
Input: mmAP n (Tn, Sn, Nn

S ), STA i (Sni , Nn
i,RC).

Output: selected reflector candidates RCni .
// determining the targeted sector area SSni

1: Initialization: m = i−
⌈
NnS
4

⌉
, countSS=0;

2: if Nn
i,RC <

⌈
NnS
2

⌉
then

3: interv.SS=
⌊⌈

NnS
2

⌉
/Nn

i,RC

⌋
, SSni = ∅;

4: while countSS < Nn
i,RC do

5: SSni ={SSni , Snm}, m=m+interv.SS, countSS++;
6: end while
7: else
8: multi.SS=

⌊⌈
NnS
2

⌉
/Nn

i,RC

⌋
;

9: SSni =
⋃

multi.SS

{
Sni±m|m ∈

[
0,
⌈
NnS
2

⌉]}
;

10: while countSS < NRC
i,n −multi.SS ·

⌈
NnS
2

⌉
do

11: SSni ={SSni , Snm}, m=m+interval.SS, countSS++;
12: end while
13: end if

// determining reflector candidates RCni inside SSni
14: Initialization: countRC=0, RCni = ∅;
15: while countRC < Nn

i,RC do
16: Find the first element in the row corresponding to sector

SSni (countRC) with idle state, and mark it as occupied;
17: countRC++;
18: end while

RCni should be scattered to avoid clustering, and thus SSni is
first selected to restrict the locations of reflector candidates.
Since the reflectors around the mmAP n and STA i pair are
preferred, we only consider a half sectors surrounding Sni ,
which is given as

{
Sni±m|m ∈ [0, dNn

S /4e]
}

as the pool of
SSni selection, where Nn

S is the sector number of mmAP n.
Note that the same sector may be selected more than once in
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Fig. 4. The angle tuning process of tunable reflector design.

SSni when the required reflector candidates are more than the
considered sectors, i.e., Nn

i,RC > dNn
S /2e. The basic idea of

SSni selection is their diversely scattered locations (Algorithm
1 line 1-13). When the number of assigned reflector candidates
is small (say, Nn

i,RC < dNn
S /2e), the selected sectors of SSni

should try to be disconnected. Otherwise, the RCni should be
evenly distributed in the sector pool. Based on the determined
SSni , we select specific reflectors as RCni inside each sector of
SSni . Since longer transmission distance may introduce higher
attenuation and more blockages, we take the proximity benefits
into account. Considering the unknown accurate location of
STA i, the reflector closer to mmAP n is selected with priority.
According to Tn defined in Section 3.1, the reflectors inside
any sector Sni ∈ Sn are ordered based on their location to
mmAP n as the ith row of Tn. Thus, the first reflector with
availability state of Idle in the row (sector) belonging to SSni is
selected. To avoid duplicated assignment, the selected reflector
should update its availability state as occupied in Tn. The
detailed SRCS algorithm is summarized in Algorithm 1.

3) Fast Reflector Angle Tuning (FRAT): Different from the
exhaustive search based beam alignment in IEEE 802.11ad
standard, mmRef simplifies the operations of mmAPs by
transmitting towards certain locations of reflector candidates,
and the direction of a reflected beam is trained by tuning
the angle of a reflector plate. As illustrated in Fig.4, the
angle of a reflector plate corresponds to the direction of
the reflected beam, which is tagged in the training message
based on the synchronization between an mmAP-reflector
pair. Once a reflected beam can be used by the STA, i.e.,
the received signal strength satisfies the signal-to-noise-ratio
(SNR) threshold εSNR, the ID of the reflector as well as its
angle tag can be decoded by the STA from the RAT message
and then sent to the controller. Thus, the reflector ID and the
right tuning angle can be known. Note that when a reflector
rotates 180◦, the reflected beam sweeps through 360◦. Define
the unit of the tuned angle for each reflector by θR, and thus
the times for the reflected beam sweeping the environment
is
⌈
180◦

/
θR
⌉
. For mmAP n and STA i, denote the set of

selected reflector and their corresponding angles by RIni and
RAni , respectively. Our FRAT algorithm is designed to fast
determine these two factors.

To unify the RAT process, each reflector is placed perpen-

Algorithm 2 Fast Reflector Angle Tuning (FRAT)
Input: RCni , Nn

i,R.
Output: RIni , RAni .

1: Initialization: Global variable countRI = Nn
i,R,

Local variable countkRA = 0;
Any reflector k ∈ RCni does the following:
// determining reflector tuning direction

2: if the sector number of reflector k > i then
3: the tuning direction of k = clockwise;
4: else
5: the tuning direction of k = counter-clockwise
6: end if

// recording collaborative RAT transmission
7: while countkRA <

⌈
180◦

/
θR
⌉

do
8: if countRI > 0 then
9: if SNR(countkRA) > εSNR then

10: Add reflector k and its angle φ to RIni and RAni ;
11: countRI −−;
12: end if
13: countkRA + +;
14: end if
15: end while

dicular to the mmAP as Fig.4(1). A reflector plate rotates
along either clockwise or counter-clockwise. To accelerate
the RAT process, each reflector candidate first determines the
proper tuning direction. According to the information of the
previously interrupted transmission, STA i is quite possibly
located inside or near the area of sector Sni . Since reflectors
surrounding an mmAP are classified by their located sector
area, the tuning direction can be selected based on these geo-
graphical information, where the reflected beam points towards
sector Sni with priority. Assuming all sectors are clockwise
sorted in the descending order, the reflector candidates located
inside Snj with j > i should tune along clockwise direction,
otherwise along counter-clockwise direction (Algorithm 2 line
2-4). Based on the omni-directional reception, the STA sends
the tag φ of the first available reflected beam to the controller.
Since the physical RAT is time-consuming, all reflectors
are tuning simultaneously to at most accelerate this process.
Define the number of serving reflectors by Nn

i,R. The RAT
process is terminated until the first Nn

i,R reflectors are selected.
The detailed process of FRAT algorithm is summarized in
Algorithm 2.

The overhead of establishing a reflective link mainly comes
from the RAT process, which is influenced by the location of
the unpredictable blockages and STAs. In the worst case, a
reflector needs to tune

⌈
180◦/θR

⌉
times to sweep the 360◦

environment. To accelerate this process while providing high-
quality reflective links, the two algorithms are proposed with
low complexity O (1). Specifically, SRCS first selects the most
probably useful reflectors, i.e., the reflector candidates, around
the mmAP-STA pair, and then FRAT determines the angle
tuning directions. Based on this, the reflectors are trained
simultaneously until applicable reflective links are searched.
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IV. THEORETICAL PERFORMANCE MODELING

Although intuitively, mmRef can improve the system perfor-
mance of mmWave WLANs, additional overhead like energy
consumption and delay is also introduced. To quantify the
expected performance benefits and evaluate the necessity of
implementing mmRef, in this section, we theoretically analyze
the system performance of the established reflective link
transmissions based on stochastic geometry theory.

A. System model

We model the performance benefits by using the reflective
links that are established under three cases, i.e., the proposed
mmRef, the static reflector, and the environmental reflector.
Specifically, under the static reflector case, small-piece metal-
lic plates are deployed without the tunable function, where the
available reflectors might be largely reduced due to the reflec-
tion requirement; under the environmental reflector case, we
do not change the transmission environment, where reflective
links are established through bouncing off the environmental
reflectors with poor reflectance, such as the wood or concrete
wall. In the following, we define mmRef, the static reflector,
and the environmental reflector as Case 1-3, respectively, for
simplicity.

Considering the overall transmission environment augmen-
tation, tunable reflectors should be specifically deployed in
places of interest according to specific WLAN environments.
Due to the difficulty of characterizing the specialized reflector
placement, this work assumes randomly placed reflectors for
tractable analytical results. Given the fact that the strategic
reflector placement outperforms the random placement, our
analytical results based on randomly distributed reflectors can
be considered as the worst case, which quantifies the lower
bounds of performance benefits. Specifically, the distributions
of reflectors in Case 1 and 2 are modeled as Poisson Point
Process (PPP) Φ1 and Φ2, respectively. For a fair comparison,
the same reflector intensity are assumed in Case 1 and 2
denoted by λ1. However, without the tunable function, the
strict reflection requirement restricts the number of available
reflectors in Case 2, where only a proportional reflectors can
serve a certain STA. According to the thinning theory of
PPP [25], [26], the distribution of available reflectors in Case
2 can be modeled as PPP Φ2 with intensity λ2 = ρλ1, where
ρ ∈ [0, 1] is the available reflector proportion of the total
deployed reflectors. The locations of environmental reflectors
in Case 3 are also modeled as PPP Φ3 with intensity λ3. For
the sake of convenience, the environmental reflectors of Case 3
are assumed to exhibit identical reflectance, which matches the
fact of surrounding environments with wood or concrete walls.
Note taht the relationship between λ1 and λ3 is determined by
the system settings, such as the intensity of deployed reflectors,
the reflectance of transmission environment, etc.

To model the channel condition, independent Nakagami
fading with parameter Nh is assumed [24], [27], [28], where
the fading power is h ∼ Γ (Nh, 1/Nh). The standard path-
loss function, Lj (d) = Cjd

−αj , is applied based on channel
condition j ∈ {LOS,NLOS}, where d is the transmission
distance; Cj and αj are respectively the path-loss intercept

Fig. 5. Modeling the mmWave transmission through a reflective link.

and exponent. The blocking conditions, i.e., LOS or non-
LOS (NLOS) link, are modeled based on the random shape
blockage model [5], [24], [27], [28], where the LOS and NLOS
probability are respectively given by

ALOS = Pr (j = LOS) = e−βd, (1)

and

ANLOS = Pr (j = NLOS) = 1− e−βd, (2)

where d is the link distance and β is a constant parameter
determined by the intensity and average size of the blockages.
Note that the definitions of LOS and NLOS probabilities
correspond to the fact that the longer transmission distance,
the higher probability of blocking. The received signal strength
in Case i ∈ {1, 2, 3} can be given by Pr,i = PtG0γihL (d),
where Pt is the transmit power of an mmAP; G0 is the aligned
directional antenna gain of an mmAP-STA pair; γi is the
reflectance of the reflectors in Case i. Since the reflected beam
with the strongest signal strength is preferred, based on our re-
ceived beam strength Pr,i, the shortest reflective link should be
selected in all three cases. Most existing work using stochastic
geometry theory, characterizes the system performance based
on the geographically nearest device, where the probability
distribution function (PDF) of distance to the nearest PPP
distributed device is involved [5], [24], [27], [28]. Instead of
only considering the distance d1 between an mmAP and the
nearest PPP distributed reflectors, the distance of a reflective
link, D, additionally involves the distance between an STA
and that reflector, d2, as illustrated in Fig.3. According to the
displacement theorem of PPP [25], [26], we map the point
process of the mirrored mmAPs to the corresponding point
process of reflectors. Without loss of accuracy, we assume the
STA and mmAP are respectively located at (0,0) and (D0, 0).
We derive the cumulative distribution function (CDF) of the
shortest reflective link distance D in Lemma 1.

Lemma 1. The CDF of the distance of the shortest reflective
link Dmin is given by

Pr (Dmin > d) = exp

{
−λd

√
d2 −D2

0

4
×[

arctan

(√
d−D0

d+D0

)
+ arctan

(√
d+D0

d−D0

)]}
,

(3)

where λ is the intensity of reflectors and D0 is the distance
between an STA and an mmAP.
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Proof: As shown in Fig.5, the distance of a reflective link
from Tx to Rx is equal to the direct distance from that Tx to
the mirrored Rx. Thus we turn to analyze the latter distance.
According to the displacement theory [25], [26], the locations
of the mirrored Rxs can be matched to that of PPP distributed
reflectors, where the point process of the mirrored Rxs is still
PPP. Without loss of generality, Tx is located at the origin.
The CDF of the shortest reflective link distance of Tx, i.e. the
distance from Tx to the nearest mirrored Rx is given by

Pr {Dmin > d} = e−Λ′(B(o,d)) = e−λ
∫
R2 p(x,B(o,d))dx,

where B (o, d) is the circle region with radius d centered at
the origin and p (x,B (o, d)) is the probability that there is
no mirrored Rx inside the circle with radius x, i.e., there
is no reflector inside B (o, d). To further analyze the above
integral term, the polar coordination is introduced to assist the
derivation, and thus the above integral term can be given by∫
R2

p (x,B (o, d)) dx

=

∫
R2

p (d1 + d2, B (o, d)) dd1dd2

(a)
=

∞∫
0

2π∫
0

d2p

(
d2 +

√
d2

2 +D2
0 − 2d2D0 cos θ,B (o, d)

)
dθdd2

(b)
=

∞∫
0

D0+d2∫
|D0−d2|

2d2d1 · p (d1 + d2, B (o, d))√(
(D0 + d2)

2 − d2
1

)(
d2

1 − (D0 − d2)
2
)dd1dd2,

where in (a) θ is the angle between ~D0 and ~d2. Note ~D0 and
~d2 are respectively the vectors from Tx to Rx and from Tx to
the reflector with corresponding distance D and d2. (b) comes
from the cosine theorem, and thus we have

dθ =
dθ

dd1
dd1 =

2d1 · dd1√(
(D0 + d2)

2 − d2
1

)(
d2

1 − (D0 − d2)
2
) .

Given that x ≥ d1 + d2 when p (x,B (o, d)) = 1, d1 and
d2 should satisfy the following constraints:

d1 + d2 > D0 ,
d1 +D0 > d2 ,
D0 + d2 > d1 ,
d1 + d2 < d ;

otherwise p (x,B (o, d)) = 0. Thus, we have∫
R2

p (x,B (o, d)) dr1dr2

=

d−D0
2∫

0

(D0+d2)2∫
(D0−d2)2

d2√(
(D0 + d2)

2 − t
) (
t− (D0 − d2)

2)dtdd2

+

d+D0
2∫

d−D0
2

(d−d2)2∫
(D0−d2)2

d2√(
(D0 + d2)

2 − t
) (
t− (D0 − d2)

2)dtdd2

(a)
=
πD2

0

8
+
πd2

8
+

d+D0
2∫

d−D0
2

d2 arcsin

(
d2 −D2

0

2D0d2
− d

D0

)
dd2.

The integral term of (a) can be further calculated as

d+D0
2∫

d−D0
2

r2 arcsin

(
d2 −D2

2D0r2
− d

D0

)
dr2 = −

π
(
d2 +D2

0

)
8

−
d
√
d2−D2

0

4

{
arctan

(
−
√
d−D0

d+D0

)
−arctan

(√
d+D0

d−D0

)}
,

and thus we derive the final CDF in Lemma 1.

B. Outage Probability

Unlike conventional transmissions through sub-6GHz
bands, transmissions with narrow directional beams as well
as the vulnerability of blockages through mmWave bands
inherently generate less interference [5], especially with lim-
ited number of simultaneous beams in 802.11ad systems.
To simplify our model, we focus on the signal-to-noise-ratio
(SNR) while ignoring the interference, which can be supported
by interference mitigation technologies [7]. The SNR of the
transmission through a reflective link in Case i ∈ {1, 2, 3} can
be given by

SNRr,i =
PtG0γihL (D)

σ2
, (4)

where σ2 is the power of additive Gaussian noise. Note that the
SNR of transmissions through the direct link can be expressed
by (5) with γi = 1 and D = D0. The outage occurs when
the SNR is lower than the threshold ε, and thus the outage
probability of the mmWave transmission through a reflective
link is given in Theorem 1.

Theorem 1. The outage probability of the mmWave trans-
mission through a reflective link in Case i ∈ {1, 2, 3} can be
given by

PriO,r
∆
=

Nh∑
n=0

(
Nh
n

)
(−1)

n
{
Gi +

∫∞
D0

Pr (D > d) g′i (d) dd
}
,

(5)

where Gi = e
−βD0−

biD
αL
0

CL +
(
1− e−βD0

)
e
− biD

αN
0

CN and

bi = Nh(Nh!)
−1/Nhεσ2

/
(PtG0γi). Pr (D > d) is given in

(3), and

g′i (d) = −
(
β +

biαLd
αL−1

CL

)
e
−βd− bid

αL

CL

−
(
biαNd

αN−1

CN
−
(
biαNd

αN−1

CN
+ β

)
e−βd

)
e
− bid

αN

CN .
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Proof: According to the definition of outage probability,
we derive its general expression for Case i ∈ {1, 2, 3},
i

Pr
O,r

=
∑

j∈{LOS,NLOS}
Pr (j) Pr (SNRr,i < ε|j)

=
∑

j∈{LOS,NLOS}
Pr (j) Pr

(
h <

εσ2

PtG0γCjD−αj

)
(a)
≈
∫ ∞
D0

∑
j∈{LOS,NLOS}

Pr (j)

Nh∑
n=0

(
Nh
n

)
(−1)

n

× exp

(
−Nh(Nh!)

−1/Nhεσ2n

PtG0γiCjd−αj

)
fD (d) dd

=

Nh∑
n=0

(
Nh
n

)
(−1)

n
∫ ∞
D0

gi (d) fD (d) dd,

where gi (x) = e−βd−bid
αL/CL +

(
1− e−βd

)
e−bid

αN /CN

and bi = Nh(Nh!)
−1/Nhεσ2

/
(PtG0γi). In (a), according to

Theorem 1 of [29], the normalized gamma random variable h
is tightly bounded by

P (h < γ) ≥
[
1− e−ηγ

]Nh =

Nh∑
n=0

(
Nh
n

)
(−1)

n
e−ηγn,

where η = Nh(Nh!)
−1/Nh . With some mathematical manip-

ulations, we complete our proof.

As aforementioned, mmRef aims at fast recovering inter-
rupted transmissions, where a reflective link can be regarded
as a backup link to lower the outage probability. Only when
these two links simultaneously become outage, can the outage
occur for an STA. Assume that the outages of the two links
are independent, which is valid for most situations with small
sized blockages in the middle of transmissions. Based on
the outage probability derived in Theorem 1, we obtain the
outage probability when the mmWave transmission of an
STA is assisted by one reflective link, which is given by
PriO = PrO,d ·PriO,r for Case i ∈ {1, 2, 3}. Note that PrO,d
is the outage probability of a direct link, which can be a
special case of outage probability in Theorem 1 with γi = 1
and D = D0. According to the expression of PriO, we can
infer that the outage for an STA can be further reduced when
multiple reflective links are prepared for serving this STA.

C. Transmission Throughput

Assuming adaptive modulation and coding are used, we
define the expected link throughput C from Shannon’s the-
orem, that is, C = E [Bln (1 + SNR)], where B is the
transmission bandwidth of a link. According to the SNR in (4)
and the reflective link distance distribution in (3), we derive the
expected throughput of the transmission through a reflective
link in Theorem 2.

Theorem 2. The expected throughput of the transmission
through a reflective link in Case i ∈ {1, 2, 3} is given in
(6), where bi = Nh(Nh!)−1/Nhσ2

PtG0γi
and E1 (a) is the exponential

integral, i.e.,E1 (a) =
∫∞
a
e−u/udu.

Proof: According to the definition of throughput C, we
have
Cr,i/B = E [ln (1 + SNRr,i)]

=

∫ ∞
D0

fD (d)

∫ ∞
0

Pr

(
h >

(
et − 1

)
σ2

PtG0γiCid−αi

)
dtdd

(a)
=

Nh∑
n=1

(−1)n+1

(
Nh
n

)∫ ∞
D0

fD (d)

∫ ∞
0

e−βd− bin(et−1)
CLd

−αL

+
(
1− e−βd

)
e
−
bin(et−1)
CNd

−αN

 dtdd

(b)
=

Nh∑
n=1

(−1)n+1

(
Nh
n

)
bin

×{
CL

∫ ∞
D0

fD (d) d−αLe
bin

CLd
−αL

−βd
E1

(
bin

CLd−αL

)
dd

+CN

∫ ∞
D0

fD (d)
(
1−e−βd

)
d−αN e

bin

CNd
−αN E1

(
bin

CNd−αN

)
dd

}
,

where (a) comes from the step (a) in Appendix 2. From the
integral expression in (b), we finally derive (6) with some
mathematical manipulations.

According to Theorem 2, when the transmission distance
D is equal to D0, and the reflectance γ = 1, we can derive
transmission throughput of a direct link, which is given below.

Corollary 1. The expected direct link throughput in an
mmWave transmission with distance D0 can be given by

Cd
∆
= B

Nh∑
n=1

(−1)
n+1

(
Nh
n

)
×
[
e
bD
αL
0 n

CL
−βD0

E1

(
bDαL

0 n

CL

)
+
(
1−e−βD0

)
e
bD
αN
0 n

CN E1

(
bDαN

0 n

CN

)]
,

where b = Nh(Nh!)−1/Nhσ2

PtG0
and E1 (a) is the exponential

integral.

During a beacon interval of WLAN transmissions, given the
duration of the transmission through the direct link by td and
that through a reflective link by tr,i, the traffic amount of an
mmAP-STA pair in Case i ∈ {1, 2, 3} can be given by

Ti = Cdtd + Cr,itr,i, i ∈ {1, 2, 3} , (7)

where the td and tr,i are influenced by the specific situation
of that mmAP-STA pair, such as the payload, the channel
condition, the overhead of reflective link establishment, etc.

V. PERFORMANCE EVALUATION

As a proof of concept, this work focuses on how to
implement mmRef and what performance benefits that can
be expected from the established reflective links. Based on
analysis from the previous two sections, simulation and nu-
merical results are presented. To verify the effectiveness of
implementing mmRef to establish reflective links, we first
evaluate the performance of SRCS and FRAT algorithms.
Then, based on the theoretical modeling, we evaluate the
outage performance followed by the transmission throughput
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Cr,i
∆
= B

Nh∑
n=1

(−1)n+1

(
Nh
n

)
bin

×

[
CLD

−αL
0 e

bin

CLD
−αL
0

−βD0

E1

(
bin

CLD
−αL
0

)

+ CN
(
1− e−βD0

)
D−αN0 e

bin

CND
−αN
0 E1

(
bin

CND
−αN
0

)
+ CL

∫ ∞
D0

Pr (D > d)

(
−αLd−αL−1e−βd + E1

(
bin

CLd−αL

)
d−αL−1

(
αLbin

CL
dαL − βd− αL

)
e
bin
CL

dαL−βd
)
dd

+ CN

∫ ∞
D0

Pr (D > d)
(
−αNd−αN−1

(
1− e−βd

)
+

E1

(
bin

CNd−αN

)
d−αN−1

((
αNbin

CN
dαN − αL

)
eβd − αNbin

CN
dαN + βd+ αL

)
e
bin
CL

dαL−βd
)
dd

]
,

(6)

TABLE I
PARAMETERS OF PERFORMANCE EVALUATION

Parameter Value Description
D0 10 m direct link distance

αL, αN 2, 4 pathloss exponent (LOS, NLOS)
Nh 3 Nakagami fading parameter
β 0.008 parameter of blockage model
λ1 0.03/m2 intensity of reflectors in mmRef

γ1,γ2,γ3 1, 1, 0.5 reflector reflectance (case 1, 2, 3)
Ps/σ

2 5×105 transmit power to noise power ratio
ε 0 dB SNR threshold

(a) SRCS algorithm

(b) FRAT algorithm

Fig. 6. Performance of reflective link establishment schemes.

to examine the performance benefits expected from mmRef.
Unless specified otherwise, the system parameters in Table I
will be used [5], [24], [27], [28].

A. Reflective-Link Establishment Performance

Since the reflective link establishment scheme is crucial to
determine the quality of mmRef services, the performance of
establishing reflective links, i.e., SRCS and FRAT algorithms,
are evaluated. We consider a 40m×40m WLAN environment
with reflector intensity 0.1/m2, and the distance between a pair
of mmAP and STA is 10 meters. To evaluate the performance
of SRCS algorithm, we examine the quality of the reflective
links established by using the reflector candidates selected
by SRCS algorithm under different blockage conditions, i.e.,
different blockage sizes and blockage locations. In Fig.6(a),
the frequency of the successful recovery (LOS transmission)
is a function of the blockage location between the mmAP
and the STA, under different blockage sizes. Note that a large
blockage located close to the end device, i.e., the mmAP or
the STA, is usually hard to be circumvented. We observe
that SRCS algorithm can successfully recover the interrupted
transmissions, even when a 6-meter long blockage is 0.5
meters away from the end device. Meanwhile, under various
blockage conditions, SRCS algorithm significantly outper-
forms the random reflector selection scheme. In addition, to
evaluate the performance of FRAT algorithm, we examine the
average tuning times used to adjust the reflectors at appropriate
angles as a function of the number of the required serving
reflectors in Fig.6(b), where the tuned reflectors are reflector
candidates selected by SRCS algorithm. Note that the larger
angle tuning times mean the longer training time, and the
angle tuning granularity is 2◦ in our evaluation. We observe
that the FRAT algorithm significantly reduces the overhead
of RAT process compared with random angle tuning strategy,
especially when more serving reflectors are required (i.e., a
larger Nn

i,R). Besides, FRAT algorithm performs better when
more reflector candidates is involved in RAT process (i.e., a
larger Nn

i,RC), where the serving reflectors with appropriately
tuned angles can be quickly found.”

B. MmRef Service Performance

Based on the analytical results in Section IV, we evaluate
the performance benefits expected from mmRef services. For
a fair comparison, the same system settings are utilized for the
three mmWave WLAN transmission Cases, i.e., mmRef, static
deployed reflectors and normal WLAN environment (detailed
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Fig. 7. The overall outage performance comparison.

Fig. 8. The outage performance comparison between Case 1 and 2.

in Section IV.A). The comparison of outage performance is
first evaluated to examine the quality of transmission through
the reflective link. Then the system throughput is investigated
providing further insights for mmRef implementation. To
validate the accuracy of our analytical results, Monte Carlo
simulation results are provided with the same parameters
through 10,000 independent realizations in a square area of
500m× 500m.

Fig.7-9 illustrates the outage performance comparison
among the three cases. The overall performance of the three
cases are evaluated in Fig.7. The outage probability is a func-
tion of the received SNR threshold, where λ2=λ3= 0.003/m2

and γ3 = 0.5. we observe the outage probability of Case 1 is

Fig. 9. The comparison of normalized transmission throughput.

much lower than that of Case 2 and 3, which validates the
effectiveness of the reflective link provided by mmRef. In ad-
dition, the outage probability of the reflective link from mmRef
is close to that of the direct link, which reveals that although
outages occur more frequently in reflective links due to their
longer distances, the performance of mmRef is very close to
the best. To quantify the performance enhancement by mmRef
system, given the same number of the deployed reflectors in
Case 1 and 2, Fig.8 compares the outage probabilities of Case
1 and 2 as a function of the ratio of available reflectors in
Case 2, i.e., ρ1,2 = λ2/λ1. Note that the fixed angle of a
reflector plate in Case 2 limits its serving area, and thus only
part of reflectors are available to serve an mmAP and STA
pair. We observe that when ρ1,2 = 0.01, the outage probability
of case 2 can be nearly 30 times higher compared with that
of mmRef. This reveals that much more static reflectors are
needed for in Case 2 to achieve the same performance. Similar
comparison between Case 1 and 3 is illustrated in Fig.9, where
the outage probability is a function of the ratio of available
environmental reflectors in Case 3. Different from Case 2,
the environmental reflectors in Case 3 may largely absorb
the signal power with very low reflectance γ3. We observe
that the outage becomes severe when γ3 becomes small. Even
with enough environmental reflectors, i.e., ρ1,3 = 1, the outage
probability of Case 3 is still 5 times higher than that of mmRef.
Moreover, the poor reflection characteristic due to the property
of different materials, such as wood and concrete [13], [22],
cannot be overcome. Therefore, compared with Case 2 and 3,
robust mmWave transmissions through reflective links can be
expected by implementing mmRef. Simulation results further
validate the accuracy of our modeling. Although the outage
probability of the analytical results are a little lower than that
of the simulation results, the analytical results can be a lower
bound effectively characterizing the outage performance of
mmWave transmissions through reflective links.

The throughput comparison among mmRef and 802.11ad
systems is illustrated as a function of time in Fig.10, where the
bandwidth is assumed to be normalized. By using the default
system parameters in Table I, the normalized throughput
values are calculated based on the numerical results in Section
4.3. In our simulation, an interruption occurs at an early
stage of transmission with 10.03 bit/s. For mmRef system,
the reflective link establishment is immediately activated,
and the throughput of the recovered transmission through a
reflective link can be 9.25 bit/s, which is as good as the
previous throughput value. Due to the difficulty to quantify
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the overhead of establishing a reflective link, an estimated
delay is qualitatively used. For 802.11ad system, a re-training
process is also immediately activated through exhaustive beam
sweeping. However, due to the limited number of available
environmental reflectors as well as their poor reflectance,
the recovery performance would be largely degraded. Two
environmental reflector scenarios are used in our simulation for
comparison. In the first scenario with environmental reflector
intensity λ3 = 106/m2, even the strongest reflected signal
cannot satisfy the required SNR threshold, defined as 0dB. In
the second reflection-friendly scenario with λ3 = 103/m2, the
recovered throughput is only half of the previous value.

We observe that when the remaining transmission time is
large, the mmRef transmission is a better choice, where the
sacrificed reflective link overhead is worthwhile for a larger
recovered throughput. In addition, without specially deploying
reflectors, the available reflectors with the right angle in
the environment is usually rare, such as in scenario 1, and
thus the interrupted transmission can be hardly recovered by
802.11ad systems. Therefore, considering the unpredictability
of environmental reflection based on the 802.11ad standard,
the mmRef service is imperative for robust mmWave WLAN
transmissions with significant throughput improvement. Be-
sides, the reduced outages by the mmRef system can conserve
the energy and spectrum expenditures for both the operator
and STAs.

VI. CONCLUSION

In this paper, we have focused on mmWave WLANs as
an exemplary scenario, and investigated how to augment the
transmission environments to boost the network performance
while not damaging the aesthetic nature of the environment.
By deploying tunable reflectors, the highly-reflective cheap
metallic plates with adjustable angles, we have proposed
a novel adaptive mechanism for transmission environment
reconfiguration, called mmRef, which effectively tunes the
angels of the deployed reflectors when necessary. Specifically,
we have developed the system architecture from the idea of
decoupling control-/data-signaling. Meanwhile, based on the
centralized control, a reflective link establishment scheme is
designed including the signaling process based on SRCS and
FRAT algorithms. To evaluate the expected benefits, the outage
probability and the transmission throughput through reflective
link transmissions are theoretically evaluated by using the
stochastic geometry theory. Simulation and numerical results
have demonstrated the effectiveness of the mmRef mechanism
and the significant performance gain from our design. We ex-
pect our preliminary study will inspire more thorough research
on this line.
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