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Abstract—The millimeter-wave (mmWave) frequency band has
been utilized in the IEEE 802.11ad standard to achieve multiGbps throughput. Despite the advantages, mmWave links are
highly vulnerable to both user and environmental mobility. Since
mmWave radios use highly directional antennas, the line-ofsight (LOS) signal can be easily blocked by various obstacles,
such as walls, furniture, and humans. In the complicated indoor
environment, it is highly possible that the blocked mmWave
link cannot be restored no matter how the access point and
the mobile user change their antenna directions. To address the
problem and enable indoor mobile mmWave networks, in this
paper, we introduce the reconﬁgurable 60 GHz reﬂect-arrays
to establish robust mmWave connections for indoor networks
even when the links are blocked by obstructions. First, the
reconﬁgurable 60 GHz reﬂect-array is designed, implemented,
and modeled. Then a three-party beam-searching protocol is
designed for reﬂect-array-assisted 802.11ad networks. Finally,
an optimal array deployment strategy is developed to minimize
the link outage probability in indoor mobile mmWave networks.
The proposed solution is validated and evaluated by both in-lab
experiments and computer simulations.

I. Introduction
The usage of millimeter-wave (mmWave) frequency bands
has signiﬁcantly facilitated the next generation wireless communications. In the IEEE 802.11ad standard, the 2.16 GHz
bandwidth around 60 GHz can dramatically address the
current spectrum shortage in the busy 5GHz/2.4GHz Wi-Fi
frequency band [1]–[5]. The millimeter scale signal wavelength enables very small antenna arrays in both access point
(AP) and the mobile user devices [6] that provide highly
eﬃcient directional transmissions. The huge bandwidth and
the directional transmissions can achieve the data rates of up
to 6.7 Gbps in an indoor WLAN setting [7].
Despite the advantages, mmWave wireless transmissions
suﬀer from much higher path loss due to the Friis’ Law [8].
Therefore, directional antennas, e.g., horn antennas or antenna
arrays, are used to form narrow transmission beams to compensate the high path loss. While the quasi-optical propagation
characteristics of mmWave transmission are suitable for ﬁxed
line-of-sight (LOS) links, such links can be easily broken due
to user mobility and the obstacles in the environment. Due to
the narrow beamwidth of mmWave signals, the misalignment
of the TX and RX antennas can signiﬁcantly reduce the
antenna gain, while a very small obstacle, such as a person’s
arm, can eﬀectively block the link [9]–[12].
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For the broken mmWave link due to misalignment, existing
beam-searching solutions for IEEE 802.11ad networks can be
used to change the direction of the TX and RX beams to reestablish the antenna alignment and restore the link [13]–[15].
However, for the broken mmWave link due to the obstruction
blockage, changing the antenna direction alone is not enough
to repair the link, especially in indoor environments. First, the
dielectric materials in the indoor environment, such as concrete
walls, doors, furniture, and people themselves, can easily
create blockage to the LOS mmWave link, which cannot be
restored by simply changing the TX or RX antenna direction.
Second, if the indoor environment does not have suﬃcient
metallic surfaces, there is no reﬂected link that can be used
to connect the AP and the mobile user. On the one hand, a
few metallic surfaces can only form a very limited number of
reﬂected paths that have ﬁxed incident and reﬂected angles,
which have very limited eﬀects on reducing the area blocked
by obstacles. On the other hand, other dielectric objects, e.g.,
walls and furniture, are bad at reﬂecting mmWave signals.
In this paper, to address the aforementioned link blockage problem, we propose to deploy smart reﬂect-arrays in
the indoor environment that can adaptively establish robust
mmWave connection when the LOS path and non-LOS paths
with natural reﬂections are blocked by obstructions. The proposed mechanism is compatible with the IEEE 802.11ad protocol and can greatly enhance the mmWave link robustness when
a user devices move in the complicated indoor environment.
Our objective is to minimize the link outage probability when
user device is randomly moving in an indoor environment with
various obstacles, incorporating the antenna sector selection
at the AP and mobile user as well as the conﬁguration of
the smart reﬂect-arrays. Speciﬁcally, our contributions can be
summarized as follows.
First, a smart reﬂect-array-assisted mmWave network system is proposed for the ﬁrst time. As shown in Fig. 1, by
deploying the passive and electronically reconﬁgurable reﬂectarray at appropriate positions in the indoor environment, the
incident signal from the 802.11ad AP can be steered towards
the mobile user that is blocked by any obstacles. It should be
noted that existing solutions to signal blockage using active
relay nodes, such as the mmWave virtual reality (VR) system
in [12], have to either compromise the data rate by using half
a duplex scheme or suﬀer from self-interference in the fullduplex mode. In contrast, the proposed reﬂect-array-assisted
system is completely passive and can achieve full duplex

IEEE INFOCOM 2018 - IEEE Conference on Computer Communications

relaying without any self-interference. Hence, the transmission
rate is not aﬀected. Furthermore, the VR system in [12] uses
laser trackers to locate the user in real time. However, for other
devices, such as phones and laptops, additional hardware and
software are required to accurately track their positions in real
time. In contrast, the proposed reﬂect-array-assisted mmWave
network uses beam-searching method to ﬁnd the optimal beam
direction for desired users, which does not need any location
information.
Second, we design and implement a 60 GHz reﬂect-array
that consists of 224 reconﬁgurable patches. Diﬀerent from the
natural reﬂection utilized in [16], the reﬂection coeﬃcient of
each patch can be electronically controlled in real time so
that the direction of the reﬂected signal can be arbitrarily
controlled. Although the idea of a 60 GHz reﬂect-array has
been introduced in [17], it was used as part of the TX or
RX antenna to enable beamforming. In contrast, the reﬂectarray used in this paper is placed in the middle of the
mmWave channel to change the direction of propagation of
mmWave signals. The implementation cost of the reﬂect-array
designed in this paper is also much lower since relay switches
are used in stead of p-i-n diodes to control the reﬂector
units. In addition, the reconﬁgurable reﬂection coeﬃcient and
beamforming performance of the proposed reﬂect-array are
also theoretically modeled to facilitate the optimal protocol
design.
Third, a three-party beam-searching protocol is designed for
the smart reﬂect-array-assisted 802.11ad networks. Diﬀerent
from existing beam searching protocols used in mmWave
networks that only involve the antenna sector selection of
the TX and RX node [18], [19], the proposed system introduces the third party, i.e., the reﬂect-array, which can also
be controlled to steer the signal propagation direction. The
developed three-party beam-searching protocol supports plugand-play for 802.11ad networks without changing the existing
protocol in the transceivers.
Fourth, an optimal array deployment strategy is developed
to minimize the link outage probability in indoor mobile
mmWave networks. We consider an arbitrary indoor environment with various obstacle distribution. While the AP
position is ﬁxed, the movement of user devices follows the
“random mobility model” [20]. We formulate the optimal array
deployment as a geometric overlap problem, which is solved
by the exhaustive method by considering the limitation of
indoor constructions in the real case.
The remainder of the paper is organized as follows. In Section II, we introduce the system architecture, the experimental
test-bed, and the experimental result for the reﬂect-arrayassisted 802.11ad networks. The beam-searching algorithm is
developed in Section III. Then, the deployment of the reﬂectarrays is optimized in Section IV. The numerical analysis of
the link outage probability is presented in Section V. Finally,
the paper is concluded in Section VI.
II. Reflect-array design and proof-of-concept evaluation
In this section, we ﬁrst describe the system architecture of
the reﬂect array-assisted 802.11ad networks. Then, we discuss

 

 

    




  
   

Fig. 1. The system architecture.

Fig. 2. The smart reﬂect-array panel.

the design and implementation of the reﬂect-array and use
test-bed experiments to prove the feasibility of the proposed
solution.
A. System Architecture
The system architecture is illustrated in Fig. 1. The AP and
the user are deployed in the indoor environment. According
to the IEEE 802.11ad protocol, the AP performs the beamsearching to maintain a connection with the mobile user.
However, due to the obstacle between the AP and user, the
LOS path is blocked and communication cannot be established
in this case.
Once an outage occurs for the LOS link, the reﬂect-array
hung on the wall establishes the communication links using
the controlled reﬂected path to bypass the obstacle. The
reﬂect-array consists of a cluster of small patch reﬂectors
and the micro-controller is used to control the electromagnetic
response of each reﬂector. During the beam-searching period
of the IEEE 802.11ad protocol, the reﬂect-array receives the
signal from the AP and then steers it towards the desired user
based on the control algorithm. Diﬀerent from existing MIMO,
beamforming, or active relay techniques, the proposed smart
reﬂect-array just reﬂects the incident signal and steers it to
the user in a passive way. Therefore, the proposed system
helps transceivers to establish extra reﬂect-path links without
any change in hardware of the AP and client. Moreover,
diﬀerent from the existing active relay-based solutions, the
proposed reﬂector array-based solution does not suﬀer from
self-interference when relaying signals in the full-duplex mode.
B. Design and Implementation of the Reﬂect-array
As shown in Fig. 2, the reﬂector panel is fabricated with
RTduroid 5880 high frequency laminates with a dielectric
constant of 2.2 and a dissipation factor of 0.0009. The dimension of the panel is 337 mm × 345 mm × 0.254 mm
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(a) The switch loaded on the patch (b) The switches soldered on the
panel.
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Fig. 6. The energy distribution on the patches.
Fig. 3. The relay switches for reﬂector units control.
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Fig. 4. The chessboard-like design of the reﬂect-array.

Fig. 7. The phase control of reﬂectors.

(length × height × thickness). There are 14 × 16 = 224 reﬂector
units on the panel in total. Therefore, the distance between two
adjacent patches is designed to be longer than one wavelength
to prevent the patches from coupling.
For the reﬂector unit design, the basic idea is to load microstrip patches with electronically-controlled relay switches.
As shown in Fig. 3, each reﬂector unit is controlled by an
Omron G6L-1P-DC5 relay switch. When the switch is open,
the patch is isolated from the ground plane. Therefore, the
patch is turned “on” and becomes a resonant reﬂector that
has the maximum reﬂection for 60 GHz signals. Once the
switch is closed, the patch is shorted by the ground plane and
transitions to the “oﬀ” status that has the minimum reﬂection.
Hence, each element on the reﬂect-array can be turned on or
oﬀ to reﬂect the incident signals.
As shown in Fig. 4, two types of rectangular reﬂectors with
diﬀerent patch lengths are deployed as a chessboard on the
panel. The dimensions of Type 1 and Type 2 patches are 5.1
mm × 4.65 mm and 5.1 mm × 4.95 mm, respectively. The full
wave simulation using COMSOL multiphysics [21] in Fig. 5
shows that both types of patches have high radar-cross-section

(RCS) over 0.2 around 60 GHz. As shown in Fig. 6, with
60 GHz incident waves, a high energy distribution shown by
light blue can be obtained on the two edges of the patches. This
simulation result further demonstrates that the resonance can
be obtained around 60 GHz. Since two types of patches have
diﬀerent patch lengths, the board can provide diﬀerent phase
controls φ1 and φ2 that |φ1 − φ2 |  π around 60 GHz as shown
in Fig. 7. This chessboard-like design is used to provide two
diﬀerent phase controls for the reﬂected signals. Considering
an incident plane-wave signal from the transmitter in the x-y
plane as illustrated in Fig. 4, the signal propagation direction
is orthogonal to the z-axis. For each column of patches, either
Type 1 patches or Type 2 patches can be turned “on” to provide
a phase control of φ1 or φ2 . Therefore, the reﬂected signal can
be steered towards any directions in the x-y plane.
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Fig. 5. The RCS of the reﬂectors.

C. Experimental Evaluation
To validate the proposed system, we use a test-bed shown
in Fig. 8. The transceivers are deployed in front of the reﬂectarray to measure the strength of the reﬂected signals. In this
test-bed, the relay switches are controlled by MEGA 2560
micro-controllers. The mmWave transceivers are realized by
the VubIQ development system [22] and the horn antennas
with 8-degree beam-width as shown in Fig. 9(a). The network
analyzer is used for the signal generation and observation.
As shown in Fig. 9(a), the reﬂect-array panel is located
orthogonal to the x-axis. The transceivers and the center of
the reﬂect-array are deployed on the x-y plane. Shown as
blue arrows, the distances between the transceivers and the
center of the reﬂect-array are 0.5m (Tx) and 1m (Rx). The
intersection angle between the x-axis and the direction vector
of the transmitter is αT x , and the angle for the receiver is αRx .
As shown in Fig. 9(b), the transmitter is deployed on the x-axis
so that αT x = 0°. The reﬂect-array is controlled to beamform
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Fig. 9. The experimental setup and S 21 measurements.
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nals reﬂected on the reﬂector units. Hence, the received signal
strongly depends on the phases of the multi-path propagation.
Assuming that the signal transmitted on baseband is a train of
raised cosines bearing BPSK symbols m(t), the received signal
reﬂected from the reﬂect-array can be expressed in the time
domain as:
N

ai e− j(θi −ϕi ) + n (t) ,
(1)
r(t) = m(t)e j2π fc
i=1

Fig. 8. The test-bed for proof-of-concept experiments.

the signal from αRx = 20° to αRx = 60° with a step of 5°.
The details of the control algorithm are presented in Section
III A. In this experiment, the ratio of the transmitted power to
the received power is measured and denoted as S 21 . The blue
curve in Fig. 9(b), 9(c), and 9(d) are S 21 measured at each
beam direction and the black curve is the S 21 measured in the
absence of a reﬂect-array. When no reﬂect-array is present,
the signal becomes extremely low and only noise at -85dB is
received. Similarly, the transmitter is moved to αT x = 30°, 60°
and the experimental results are shown as Fig. 9(c) and Fig.
9(d), respectively. The two curves on each ﬁgure show the
signiﬁcant enhancement of the received power thanks to the
beamforming from the reﬂect-array.
III. Reflect-array control and Beam-searching Algorithm
To bypass the obstacles and establish communication links
between the transceivers, the smart reﬂect-array needs to be
optimally controlled to ﬁnd the desired receiver. In the reﬂectarray-assisted 802.11ad networks, the reﬂect-array reﬂects the
incident signal during the beam-searching phase of the AP.
However, since there are multiple users to be served and the
users may be mobile, the reﬂect-array does not know the
position of the desired user. In this section, we ﬁrst model
the mmWave channel with the reﬂect-array involved. Based
on the channel model, the reﬂect-array control algorithm is
developed. Then, a basic idea of the beam-searching algorithm
is presented and we leave the detailed system design as the
future work.
A. Reﬂect-array Control Algorithm
Once the reﬂection occurs on the reﬂect-array, the signal
received at the user is the superposition of the multi-path sig-

where fc is the operating frequency, ai , θi are the attenuation
and phase shift of the i-th path, respectively, ϕi is the phase
induced by the i-th reﬂector for all i = 1, 2, ..., N, n(t) is the
noise component of the received signal. Since the received
signal consists of the signal from the source and the noise,
whether the communication can be established or not depends
on the signal-to-noise ratio (SNR). The SNR at the receiver
can be expressed as:

2
ρ2 hH vϕ 
(2)
,
S NR =
σ2
where

T
h  a1 e jθ1 a2 e jθ2 ... aN e jθN , ρ2  E{|m(t)|2 },
(3)
vϕ  [e jϕ1 e jϕ2 ... e jϕN ],
σ2  E{|n(t)|2 }.
Since the reﬂectors can provide large enough bandwidth for
communication, the received spectrum is almost ﬂat on the
frequency band. Hence, the SNR can be represented as (2)
regardless of the modulation scheme. Therefore, the phase
control can be formulated as an optimization problem:
max S NR,
vϕ
(4)
s.t. ϕi ∈ [0, 2π), ∀i = 1, 2, ..., N.
Obviously, the optimal control is to harmonize the
at
 phases

the receiver side so that the dominating factor hH vφ  in (2)
can be maximized. For the traditional beamforming based on
the reﬂect-array, the control algorithm can be expressed as:



mod 2π,
(5)
ϕi = k0 ri − rAP  + ri · u
where k0 is the wave number. As shown in Fig. 10(a), ri is
the position vector of the i-th reﬂector unit, rAP is that of the
AP, and u is the unit vector of the required beam direction.
The phase control ϕi is obtained by the modulo operation to
make it between 0 and 2π.
Diﬀerent from the traditional beamforming reﬂect-array, the
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reﬂect-array for mmWave signals needs variable capacitors
with very low capacitance (smaller than 0.1pF) to continuously tune the phase response of reﬂector units. Due to this
hardware limitation, instead of continuous phase control, binary phase control can be utilized according to the quantization
method in [17]:
⎧
⎪
⎪
⎨φ1 , 0 ≤ ϕi < π,
ϕbinary,i = ⎪
(6)
⎪
⎩φ2 , π ≤ ϕi < 2π.
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(a) The position and unit
vectors.
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(b) The binary phase control.

Fig. 10. The position vectors and binary phase control
 


   #

   "
   #

   

   "
   "

   





&

   #

&



   

   

&
&


&

   "

&

+++

C  B  

&

   #

+++

+++

&

+++

This relationship can be illustrated as the schedule in Fig.
11(b).
The communication link can be established by the solution
u∗ obtained from the ﬁrst phase. However, since the resolution
of the searching step is not high enough in the ﬁrst phase, the
user may not be located on the direction of u∗ . Therefore, u∗
may not be the optimal beam direction and further adjustment
might be necessary during the communication as the second
stage of the beam-searching.

&


+++

(7)

&

+++

T r = MT AP .

&


+++

Since the position of the user is unknown, the beamsearching algorithm is required. Here, we describe and algorithm consisting of two phases. At the ﬁrst phase, the
reﬂect-array roughly trains beamforming directions as shown
in Fig. 11(a). According to the 802.11ad protocol, the AP
searches for the desired user by beamforming the transmitting
signal to sweep Sector 1, Sector 2, ..., Sector M, successively.
A physical control link using Wi-Fi or Bluetooth can be
established between the reﬂect-array and the AP to concert
the beam searching of the reﬂect-array. At the beginning, the
reﬂect-array keeps reﬂecting the signal towards an arbitrary
direction uk ∈ {u1 , u2 , ..., uK }. Once the AP reaches the Sector
m during the beam-searching process from Sector 1 to Sector
M, the signal reaches the reﬂect-array and then is reﬂected
along uk . At this time, the beam pair of the AP and the reﬂectarray is denoted by {1, uk }. However, since the user is not
located on the direction of uk , the user cannot hear from the AP
to establish the link. Therefore, once the AP starts the second
round of the beam-searching from Sector 1 to Sector M, the
reﬂect-array switches to the next beamforming direction uk+1 .
Therefore, once the AP ﬁnishes a round of beam-searching,
the reﬂect-array switches to the next state until the link is
established by the beam pair {m, u∗ }. Respectively denoting
the duration of each control status of the AP and the reﬂectarray by T AP and T r , we have the following relationship:

!  A   

%  B   

+++

B. The Beam-Searching Algorithm for Desired Users



!



+++

Theoretically, the quantization of the phase control in (6) causes the SNR loss. However, the quantization is not the dominant
cause of SNR loss in practice. Due to the short wavelength of
the signal, high-accuracy phase control is required to perfectly
align the phases on the beam form direction. With the initial
design, the hardware limitation causes signiﬁcant SNR loss.
As shown in Fig. 10(b), based on the chessboard-like design
introduced in Section II B, each column of patches can provide
either φ1 or φ2 phase control. Therefore, the reﬂected signals
have the same signs of phases and enhance each other on the
required beam direction.

!

  

   

(a) The beam-searching of the AP and (b) The schedule of the
reﬂect-array.
beam-searching.
Fig. 11. The beam-searching at the ﬁrst stage.

Give an initial solution a(0) = u∗ = (x(0) , y(0) ) obtained from
the ﬁrst stage of the beam-searching, two searching directions
are deﬁned as:
d(0)+ = (−y(0) , x(0) ),

d(0)− = (y(0) , −x(0) ).

(8)

μ > 1 and −1 < υ < 0 are deﬁned as the magniﬁcation
factor and shrinkage factor, respectively. Starting from the
initial solution, we ﬁrst search along d(0)+ = (−y(0) , x(0) ).
Considering that g(·) is the SNR measured at the user side for
the beam
direction “·” inrealtime, the movement is successful

if g a(0) + λ(0) d(0)+ ≥ g a(0) is held. Therefore, we have:

 

⎧ a(0) +λ(0) d(0)+
(0)
(0) (0)+
⎪
⎪
+
λ
d
≥
g
a(0) ,
,
if
g
a
⎨
(0)
(0)
(0)+
||a +λ d ||
(9)
a(1) = ⎪
⎪
⎩a(0) ,
otherwise,
where λ(0) is the proper searching step. Once the new solution
a(1) is calculated, the searching step is updated by:
⎧


 
⎪
⎪
⎨μλ(0) , if g a(0) + λ(0) d(0)+ ≥ g a(0) ,
(1)
λ =⎪
(10)
⎪
⎩υλ(0) , otherwise.
According to (10), if the movement is successful, a larger
movement is needed in the next round of searching. Otherwise,
a back-oﬀ search should be adopted in the next round. After
searching along the direction d(0)+ , the similar searching
operations is used on the other direction d(0)− . Then, the ﬁrst
round searching is completed and the second round begins
from the new beam direction a(1) . Given an existing beam
direction a(n) = (x(n) , y(n) ), the searching directions are updated
as well:
d(n)+ = (−y(n) , x(n) ),

d(n)− = (y(n) , −x(n) ).

(11)

Finally, the second stage of beam-searching stops once the relative change of the adjacent solutions drops below a threshold:

 (n+1)
a
− a(n)  ≤ η.
(12)
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Fig. 12. The signal coverage in the room.

IV. The deployment of the smart reflect-array
Since the reﬂect-array is used as a smart mirror to let
the signals from the AP bypass the obstacles via reﬂections,
the deployment of the reﬂect-array signiﬁcantly aﬀects the
AP coverage. In practice, a deployment strategy requires the
knowledge of the ﬂoor layout, which in many cases is diﬃcult
if impossible to obtain. In this section, we propose a basic
principle of reﬂect-array deployment based on the mathematical model of the indoor signal coverage. The objective of the
deployment principle is to minimize the outage probability of
the mmWave communication links. Based on this principle,
practical guidelines of the reﬂect-array deployment can be
developed in future work.
As shown on the left side of Fig. 12, the AP is deployed in
a room of area of U. Due to the blockage from the obstacle,
the signals from the AP can only cover the area A0 shown
as the white area in the room. The red shadow area indicates
the blocked area that is not covered by the signals. Once the
reﬂect-arrays are deployed on the walls, the signal coverage
is enlarged to A = A0 ∪ A1 (pr ) shown as the right side of
Fig. 12. A1 (pr ) is the additional signal coverage area shown
as the green shadow area. Obviously, A1 is strongly related to
pr which varies if the position of the reﬂect-array is changed.
For a certain user’s location pu , the connection probability
that a link can be successfully established is expressed as:
Pcn = P (pu is in A) · P (S NR ≥ β|pu is in A) ,
(13)
where β is the threshold for the SNR to establish the communication link. According to (2), if the reﬂect-array is optimally
controlled, the maximum SNR can be calculated as:
cρ2
(14)
,
S NRmax =
(1 + d)α σ2
where d is the propagation length from the AP to the user, c is
the reﬂection coeﬃcient of the reﬂect-array, and α indicates the
decay of the signal with the distance increase. If the position
of the users follows a certain distribution, the probability of a
user being located at pu can be written as f (pu )ds, where f (pu )
is the PDF of pu determined by the distribution of the users
in U, and ds is the inﬁnitesimal element of the area located
at pu . Therefore, if the position of the AP pAP is ﬁxed, the
connection probability can be calculated as:

cρ2
Pcn =
F 
f (pu )ds

1 + d0 (pu ) α σ2
A0

(15)
cρ2
F 
+
f (pu )ds,

1 + d (pr , pu ) α σ2
A1 (pr )
where d0 (pu ), d (pr , pu ) are respectively the signal propagation
lengths of the direct path and the reﬂected path through the

d0 (pu ) = ||pAP − pu || ,
(16)
d (pr , pu ) = ||pAP − pr || + ||pr − pu || .
The F(x) in (15) is the indicator function developed as:
⎧
⎪
⎪
⎨1, x ≥ β,
F(x) = ⎪
(17)
⎪
⎩0, x < β.
According to (15), the result can be extended by considering
multiple reﬂect-arrays:

cρ2
F 
Pcn,L =
α 2 f (pu )ds
1 + d0 (pu ) σ
A0

L

cρ2
F 
+
f (pu )ds

1 + d (pri , pu ) α σ2
i=1 A1 (pri )−∪ ji A1 (pr j )
⎧
⎫
⎪
⎪
N(b
⎪
⎪
n )
 
⎪
⎪
cρ2
⎬
⎨
+
1−F 
f (pu )ds,
1−
α 2 ⎪
⎪
⎪
⎪
⎪
⎪
)
(p
,
p
σ
1
+
d
⎭
ri u
bn ⎩
n=1
i∈Cv (bn )
(18)
where L is the number of reﬂect-arrays, and i, j denote the
i-th and j-th deployed reﬂect-array, respectively. Since an area
may be covered by multiple reﬂect-arrays, we denote as bn the
n-th overlapped area. N(bn ) is the number of overlapped areas.
Therefore, the optimal deployment of the reﬂect-arrays can
be calculated by minimizing the outage probability of the
communication links:
min Pot,L ,
pri
(19)
s.t. pri ∈ D, ∀i = 1, 2, ..., L,
where D is the set of reﬂect-array deployment positions on
the wall of a room. Pot,L is the outage probability calculated
by Pot,L = 1 − Pcn,L .
Then we consider that the movement of the user follows the
individual mobility model according to [20]:
Pnew (n) = ξS −γ (n), Prt (n) = 1 − Pnew (n),
(20)
where Pnew (n), Prt (n) are respectively the probability of visiting
a new position and the probability of visiting an old position.
0 < ξ ≤ 1 and γ > 0 are parameters related to the user’s
mobility habits. S (n) is the number of visited positions in n
jumps and n is the jump number. Therefore, the probability
that the user departure the signal coverage area is expressed
as:
  2



1 A
A A
A
E[do,i ] + E[Δti ]
E[di,i ] + 1 −
Pd =1 −
v̄ U
U U
U

  2



A A
A 2
1 A
E[do,i ] + 1 −
E[di,i ] + 2 1 −
/
v̄ U
U U
U


A
A
+ E[Δti ] + 1 −
E[Δto ] ,
U
U
(21)
where Δti is the waiting time inside the signal coverage area
that follows f (Δti ) = |Δti |−1−βi , 0 < βi ≤ 1. Δto is the
waiting time outside the signal coverage area that follows
f (Δto ) = |Δto |−1−βo , 0 < βo ≤ 1. di,i is the distance between
two points inside the signal coverage area, and do,o is that
of outside. do,i is the distance between one point inside and
another point outside the signal coverage area. v̄ is the average
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velocity of the user. For a mobile user, if the communication
link is required to be established in time, the user needs
to be located in the signal coverage area at the beginning.
In addition, the user should not depart the signal coverage
area during the movement to complete the communication.
Therefore, by considering a mobile user, the probability that a
link can be established and maintained is calculated according
to (18) and (21):

where Z = E[A(t)]
U . Therefore, by considering the mobile user
and obstacles, the probability that a link can be established
and maintained can be written as:
Pcn,L,2m = P p,m Pcn,L .

& #D "(

(26)

The optimal deployment of the reﬂect-arrays can be obtained
by solving:
min Pot,L,2m ,
pri
(27)
s.t. pri ∈ D, ∀i = 1, 2, ..., L,
where Pot,L,2m = 1 − Pcn,L,2m .
V. Numerical Analysis of the Outage Probability
In this section, we evaluate the outage probability of the
communication links by optimally deploying the reﬂect-arrays
in diﬀerent indoor scenarios based on the analysis presented
in Section IV. In this numerical analysis, the transmitting

&#D "(

&#D .(

(22)

(a) The deployment
reﬂect-array.
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An outage occurs if the user’s position is outside the signal
coverage area during the movement. Therefore, the optimal
deployment of the reﬂect-arrays is obtained by minimizing
the outage probability:
min Pot,L,m ,
pri
(23)
s.t. pri ∈ D, ∀i = 1, 2, ..., L,
where Pot,L,m is the outage probability by considering mobile
users calculated by Pot,L,m = 1 − Pcn,L,m .
Then we consider that both the user and the obstacle are
mobile. In this case, E[di,i ], E[di,o ], E[do,o ], and the signal
coverage A become time-varying and the movement of the
obstacles is independent from the user’s movement. The
expectations of these parameters are then calculated by:
tm
tm
1
1
A(t)dt, E[d¯i,i (t)] =
d¯i,i (t)dt,
E[A(t)] =
tm 0
tm 0
tm
tm
1
1
E[d¯i,o (t)] =
d¯i,o (t)dt, E[d¯o,o (t)] =
d¯o,o (t)dt,
tm 0
tm 0
(24)
where the communication is considered within a duration of
tm . d¯i,i (t), d¯i,o (t), and d¯o,o (t) indicate the average distances
at time t. Hence, the probability that the user pauses in the
signal coverage area by considering obstacles’ movement can
be calculated
 as:


1 2 ¯
P p,m =
Z E[di,i ] + (1 − Z) ZE[d¯o,i ] + ZE[Δti ]
v̄
 

1
(25)
/
ZE[d¯i,i ] + 2 (1 − Z) ZE[d¯o,i ] + (1 − Z)2
v̄
+ZE[Δti ] + (1 − Z) E[Δto ]} ,
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Pcn,L,m = (1 − Pd )Pcn,L .
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(c) The outage probability by deploying the reﬂectarray on y=1.
Fig. 13. The deployment and outage evaluation in a turning.

power from the AP is set to 3 dBm and the noise level is
-90dBm. The threshold for the SNR is assumed to be 60 dB.
According to the simulation result of the reﬂector unit, the
reﬂection coeﬃcient c varies from 0.2 to 0.3 around 60 GHz
frequency band. Therefore, in this section, we evaluate the
outage probability by considering c = 0.2, 0.25, 0.3.
Fig. 13(a) shows the ﬂoorplan of an aisle. The AP is located
at the origin of the coordinate system and the positions of
users follow the uniform distribution in the aisle. The walls
are considered as the boundary that cannot reﬂect the signal to
the desired user. Obviously, the signal from the AP can cover
the horizontal branch of the aisle but cannot propagate to most
of the area in the vertical branch due to the blockage of the
turning. As a result, the communication outage occurs if the
user is located in the vertical branch far away from the turning.
Therefore, the reﬂect-array is deployed on the wall x = 4
or y = 1 to enlarge the signal coverage shown as the green
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Fig. 14. The deployment and outage evaluation in the rooms.
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dashed area. We ﬁrst analyze the deployment on x = 4 shown
as Fig. 13(b). The x-axis is the y-coordinate of the reﬂectarray on x = 4 and the y-axis is the outage probability. The
y-coordinate of the reﬂect-array is searched from -2 to 1 with
a step of 0.1. Shown as the black curve, the outage probability
without using the reﬂect-array is ﬁxed at 0.41. We use a black
horizontal line in the ﬁgure since the outage probability is not
related to the reﬂect-array in this case. The outage probability
signiﬁcantly decreases as the reﬂection coeﬃcient c increases.
Similarly, we evaluate the outage probability by deploying the
reﬂect-array on y = 1 in Fig. 13(b). As a conclusion, the
optimal deployment of the reﬂect-array is (4, −1.2) and the
outage probability reduces to 0.16 if the reﬂection coeﬃcient
is 0.3.
As shown in Fig. 14(a), we evaluate the outage probability
by considering the AP deployed at the origin in the rooms.
Due to the blockage from the obstacles between room 1 and
room 2 shown as the red bars, the signal can only cover
room 1. By deploying a reﬂect-array on x = 2 or y = 4,
the outage probability signiﬁcantly decreases as shown in
Fig.14(b) and Fig. 14(c) since the reﬂect-array can beamform
the signal to cover more area in room 2. As a conclusion,
the optimal position for the reﬂect-array is (2, 1.1) and the
outage probability drops from 0.71 to 0.47 if c = 0.3. As
shown in Fig. 14(d), we evaluate the outage probability by
deploying two reﬂect-arrays on x = 2 and y = 4. Considering
the reﬂection coeﬃcient c = 0.3, the outage probability drops
to 0.37 with the optimal solution that reﬂect-arrays 1, 2 are
located at (2, 1.2) and (0.2, 4), respectively.
The outage probability for the mobile user is evaluated in
Fig. 15. As shown in Fig. 15(a), the AP is located at the origin
and the signal can only cover the right side of the room. A
mobile user is moving in the room with an average velocity
v̄ = 0.1m/s and v̄ = 0.2m/s. In this evaluation, the parameters
βi = 0.5 and βo = 1.5. We ﬁrst evaluate the deployment
on x = 2 as shown in Fig. 15(b). By deploying the reﬂectarray at y = 1.5, the outage probability decreases to 0.49 if
v̄ = 0.1m/s. Shown in Fig. 15(c), the outage probability can
be further reduced to 0.17 if the reﬂect-array is deployed at
(0, 4). Then we evaluate the outage probability by adding a
mobile obstacle shown in Fig. 16(a). The obstacle with 1-meter
length is deployed vertically to the x-axis. At the beginning,
the center of the obstacle is located at (−1, 3.5) and it moves
to (−1, 0.5) along x = −1 with the constant velocity. As shown
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(c) The outage probability by deploying the reﬂectarray on y=4.
Fig. 15. The deployment and outage evaluation for the mobile user.
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algorithm to accurately determine the required beam direction
for the desired users. To adequately utilize the smart reﬂectarray in the indoor environments, we analyze the reﬂect-array
deployment by considering the mobile users and environments.
Finally, the reﬂect-array deployment and the outage probability
of the communication link are evaluated via numerical analysis.
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in Fig. 16(b) and 16(c), the outage probability is evaluated by
deploying the reﬂect-array on x = 2 and y = 4, respectively.
Due to the blockage from the moving obstacle, the outage
probability is larger than that in Fig. 15. The result in Fig.
16(c) shows that the optimal position is (0, 4). The outage
probability decreases to 0.26 for v̄ = 0.1m/s.
VI. Conclusion
In this paper, a smart reﬂect-array is developed to solve
the problem of signal blockage in mmWave indoor communications. We successfully demonstrate the solution by in-lab
test-bed experiments. The experimental result shows that the
developed reﬂect-array can steer the incident signal towards
the desired receiver to establish the robust link between
transceivers. Then, we develop a two-stage beam-searching
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