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In recent years, with the energy consumption and environmental degradation, science and technology embarked on a path of
sustainable development. In this situation, 5G green communication system has been widely used. This paper introduces the
application of RF reflectors to 5GmmWave, where line-of-sight (LoS) blockage is a major hindrance for the coverage. In particular,
we investigate the lab measurement of RF reflectors, which is a critical step from the theory to the practice. Furthermore, through
the lab measurement, a 3D near-field range migration (RM) imaging algorithm forMIMO array configuration is proposed, and the
sampling scheme is improved to save the computation time while providing high-quality images.

1. Introduction

In 5G communications, energy efficiency has become a
matter of prime importance for wireless networks. A great
deal of research has been done in the past to reduce energy
consumption. Resource allocation, heterogeneous network
deployment, transmission scheme optimization, and the
development of energy-efficient algorithms have become the
focus of research. Small Cell deployment is a widely accepted
strategy in the industry to achieve various performance and
efficiency indicators for the future 5G system. However,
the deployment of Small Cell base stations generally has
problems in maintenance and insufficient site resources.
This paper proposes a method of using the RF reflector,
reflecting only the existing wave, without additional energy
consumption, reducing land occupation, savingmaintenance
resources, and having higher commercial utilization value.

Compared to traditional active repeaters, the universal
interest candidates of passive repeaters (PRs) have been
inevitably utilized inmassivemultiple-input-multiple-output
(MIMO) system, with amultitude of advantages of lower cost
of maintenance, manufacturing, and operation.

In order to experimentally discuss the information capac-
ity of MIMO in multipath environment, a PR includes a

power combiner, a planar Yagi-Uda antenna, and a four-
element folded-patch antenna (FPA) array [1, 2]. The discus-
sion results demonstrate that the performance of broad-angle
scattering and polarization transition can be implemented.
Simultaneously, the received power and channel capacity
of the system gain an achievement that the four-unit PR
can improve the propagation channel in wireless access
system.

Existing research proposes a system of MIMO channel
operation with tunable passive repeater [3]. The PR has a
multitude of antennas, and a phase-shifter function exists
between these antennas. The elements of the PR can be con-
trolled so that a maximized MIMO channel capacity can be
gained [4]. Experimental results can reveal the effectiveness
of the proposed passive repeater.

Reflect-array antenna is a flat low-profile reflector includ-
ing a planar array of microstrip patch elements to reflect
the special beam direction and shape with certain tuning
when primary source illuminates it [5, 6]. Compared with
conventional parabolic reflector antenna, the planar reflect-
array plays a more significant role in the MIMO system for
the ability to surface-mount the reflect-array in virtue of its
convenient deployment, lower cost of manufacturing, small
volume, low mass, and so forth.

Hindawi
Wireless Communications and Mobile Computing
Volume 2018, Article ID 8217839, 10 pages
https://doi.org/10.1155/2018/8217839

http://orcid.org/0000-0002-9607-4260
http://orcid.org/0000-0002-8448-0915
http://orcid.org/0000-0002-4278-1218
https://doi.org/10.1155/2018/8217839


2 Wireless Communications and Mobile Computing

(#N)
(#1)

(#1)

(#1)

(#M)

(#L)

Variable phase shifters

Tx antennas (#T)

Rx antennas (#R)

Passive repeater (#P)

H０４

H２０

Figure 1: The channel transmission procedure with passive repeater.

Reflectors can be used commonly to improve the prop-
agation channel conditions, and the ability is exhibited
prominently in inherently bad-conditioned environment.
Most researches show that PR can improve theMIMO system
performance becauseMIMOhasmultiple streams to transfer,
requiring multiple paths [7]. In terms of passive repeater,
there is no amplifier and there is no oscillator in the repeater.

The use of reflector in MIMO system has opened up a
new line of thinking that propagation channel can be changed
intentionally, for example, moving objects. To pursue higher
performance gain and drive greater system operational effi-
ciency, a more active method is required.

The mmWave communications utilize the 30–300GHz
frequency band with rich spectrum resources for multigi-
gabit transmissions, which is one of the most promising
technologies for 5G [8, 9]. In [10–12], it is shown that,
by using a highly oriented antenna array, the millimeter-
wave band can be allocated to cellular communications.
Higher frequencies lead to higher bandwidth. Advanced RF
beamforming techniques using high-gain advanced antennas
at millimeter-wave frequencies and MIMO digital beam-
forming technology support the development of RF reflectors
[13, 14]. Therefore, the study of this paper is based on the
millimeter-wave band.

The mmWave indoor propagation simulation for real-life
office environments was presented by using 3D shooting-
and-bouncing ray tracing and measurement in paper. What
ismore, the non-line-of-sight (NLoS) channel environment is
improved by devising the new passive repeaters in mmWave
frequency bands, and at the same time the repeaters are
embodied in the ray tracing procedure.

Currently, Pozar et al. proposed that a broadband reflect-
array can be regarded as a PR to solve the problem of blind
areas [15]. Nevertheless, if a very large scattering angle was
tested in the case of a physical limitation of the reflect-array,
the aperture efficiency of the reflect-array was reduced to a
lower rank greatly.

2. Basics of Reflect-Array as 5G Repeater

2.1. Passive Repeater Principle. Figure 1 demonstrates the
proposed passive repeater. In this scheme, there are 𝑁

and 𝑀 antennas at the transmitter (#𝑇) and receiver (#𝑅),
respectively. Assume that the signal on the direct path from
the transmitter to the receiver is weak. The PR (#𝑃) locates
among 𝐿 antennas. The channel matrices from #𝑇 to #𝑃 and
from #𝑃 to #𝑅 are denoted by HPT and HRP, respectively.

The phase shift at the passive repeater is given by

Θ = (𝑒𝑗𝜃1 0
d0 𝑒𝑗𝜃𝐿) ; (1)

the channel from #𝑇 to #𝑅 is denoted by𝐻 = 𝐻RPΘ𝐻PT, (2)

where [𝜃1, . . . , 𝜃𝐿] describes the number of the phase shifts at𝐿 antennas.
As mentioned above, the proposed tunable passive

repeater scheme is quite feasible. When the number of
antennas available is sufficient, the value of the phase shift is
possible to be discrete and binary, for example, [0, 180] deg.
Actually, some phase shift patterns are randomly assigned to
Rx, which can observe the throughput of the system. And Rx
feeds back the best from all those patterns to the repeater.
Even if the binary phase shifters are applied, a multiple of
phase patterns (2𝐿) exist. Some patterns have no occasion
to be tested, for pretty good one is allowed and it does not
have to be the best. With computational efficiency, genetic
algorithm (GA) is so popular due to the readily available
suboptimal solution. Thus, GA can ensure the maximum
channel capacity and throughput by deciding which phase
pattern is chosen.

Figure 2(a) illustrates that there are three kinds of path
consisting of penetrated paths, diffracted paths, and reflected
paths in NLoS area. As illustrated in Figure 2(c), all of
these paths are used in ray tracing simulation. In these
paths, a passive repeater is used and a reradiated path is
added to solve the problem that these paths have large
losses in NLoS path. Figure 2(b) illustrates a reradiated path
generated by the passive repeater. The new procedure for
the ray tracing simulation of passive repeater is shown in



Wireless Communications and Mobile Computing 3

WALL

WALL

Tx

Rx

Diffracted path
Reflected path

Penetrated path

(a)

WALL

WALL

Tx

Rx

Diffracted path
Reflected path

Penetrated path

Reradiated path by passive repeater

(b)

Tx

Rx

Diffracted path
Reflected path
Penetrated path

(c)

Tx

Rx

Diffracted path
Reflected path
Penetrated path
Direct path + Repeater 
pattern+ Reradiated path

(d)

Figure 2: Propagation procedure with or without passive repeater.
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Figure 3: Configuration of one-unit PR.

Figure 2(d). Reradiated paths can be acquired by using the
bistatic radar cross section (RCS) patterns and the receiving
power of the passive repeater [9]. All of paths, consisting
of direct paths, diffracted paths, penetrated paths, reflected
paths, and reradiated paths, can be combined via postprocess-
ing.

The configuration of the one-unit passive repeater is
illustrated in Figure 3, consisting of a power combiner, a
planar Yagi-Uda antenna, and a four-element FPA array.
Because of their compact size, the FPA elements locate on
the top side of the substrate, which are chosen the same as
Set 1 in [2]. Balance between the antennas’ size and gain
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is a significant and versatile design. Therefore, when high
gain is of main focus in industry and academia, other flat
antenna types with slightly larger sizes can also be chosen to
be satisfied.

The most common Yagi-Uda arrays are fabricated with
one driven element and two directors, and the ground plane
lies on 0.25 away from the patch andmerely acts as a reflector
[12]. In addition, the corrugated periodic ground layer with
the appropriate parameters can improve the antenna gain by
supporting or suppressing some of the sidelobes in the H-
plane. The bottom side power combiner is connected to the
input port of the flat-bottomed antenna.The feed probe of the
patch element passes through the hole in the ground plane
and is connected to the input port of the power combiner.

In fact, the incident wave can point in any direction
through the PR reflection. When receiving the FPA array,
the received electromagnetic (EM) wave can be transmitted
to the Yagi-Uda antenna [16]. Reference [5] revealed more
details about the PR.

2.2. Reflect-Array Principle. Each element in the PR needs to
be specifically designed to generate the beam in a specific
direction by scattering the incidentwave by appropriate phase
compensation. Figure 4 illustrates the structure of a standard
microstrip reflect-array. Because of effect from the reflected
elements, the reradiated field was formed by the dipoles in a
random direction.

𝐸 (𝑢) = 𝑀∑
𝑚=1

𝑁∑
𝑛=1

𝐹 (→𝑟 𝑚𝑛 ⋅ →𝑟 𝑓) 𝐴 (→𝑟 𝑚𝑛 ⋅ �̂�0) 𝐴 (�̂� ⋅ �̂�0)
⋅ exp {−𝑗𝑘0 [→𝑟 𝑚𝑛 − →𝑟 𝑓 + →𝑟 𝑚𝑛 ⋅ �̂�] + 𝑗𝜙𝑚𝑛} , (3)

where 𝐹 is defined as the feed pattern function and 𝐴 is
defined as the pattern function of the parasitic dipole element.
The position vector for the 𝑚𝑛th element is defined by →𝑟 𝑚𝑛
and for the feed horn antenna is defined by →𝑟 𝑓. The desired
main-beam pointing direction of the reflect-array is defined
by �̂�0. The phase that is required for the scattered field from
the 𝑚𝑛th element is defined by 𝜙𝑚𝑛.

In order for the aperture distribution to reach the desired
direction, �̂�0, the condition is described by𝜙𝑚𝑛 − 𝑘0 (𝑅𝑚𝑛 + →𝑟 𝑚𝑛 ⋅ �̂�0) = 2𝑝𝜋, 𝑝 = 0, ±1, ±2, . . . , (4)

where the distance from the 𝑚𝑛th array element to the feed
source is defined by 𝑅𝑚𝑛; that is, 𝑅𝑚𝑛 = |→𝑟 𝑚𝑛 − →𝑟 𝑓|.𝑘0 is the wave number, and the expression is 𝑘0 = 𝜔0/𝑐
with 𝜔0 defined as the working frequency of the frequency
selective surface (FSS) ground.

Inwireless communications, it is a big deal for eliminating
the blind spots of base station antennas in a complex street,
high-building district, and many occlusions area. Typically,
radio frequency (RF) boosters have the ability to enlarge the
cellular coverage area, while standard RF boosters have high
cost of transceivers, power supplies, cables, and so forth and
are limited in installation areas [17].

Because of the blockage of the building, the signal
received for a part of users from BS is poor. Considering this
point, the signal received for a part of users who are in the
occlude areas can be enhanced via using a passive repeater as
shown in Figure 5.The gray area and the green area represent
the area occupied by the building and the area reflected by the
passive repeater, respectively.

In the actual situation, the channel environment is time-
varying and becomes relatively complex by moving objects,
rough surfaces, or sharp edges of objects (such as cars, leaves,
and lampposts). In complex streets, from the transmitter
to the receiver in the wireless communication process, the
frequency of the signal projected on the moving car will be
offset, and the scattering phenomenon will affect the wireless
communication, shown in Figure 6.

3. 3D Near-Field RM Imaging Algorithm

In the MIMO configuration, the 3D image reconstruction
process can be accomplished analogically on 2D imaging; that
is, the backscattered data is coherently integrated over the
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two spatial coordinates of the 2D aperture and measured fre-
quency band. The antenna array produces spherical waves in
the near field. Considering the influence of spatial resolution
and sampling interval, this paper uses time slot interpolation
to determine a dedicated time and phase to obtain evenly
spaced data [18].

The improved sampling method proposed in this paper
effectively solves the problem that the traditional 3D imaging
sampling time is too long and saves a lot of sampling time
under the premise of reducing image distortion [19].

Figure 7 presents a 2D linear MIMO imaging geometry
structure. In thewave field of the continuouswave, theMIMO
array composed of the transmitting antenna and the receiving
antenna illuminates the target plane located near the array
aperture.

In the imaging process shown in Figure 7, the scanning
range is [𝐿𝑋, 𝐿𝑋], the sampling interval is Δ𝑋, and the step
frequency of the sampling point is 𝑓. The target position
is set to (𝑋, 𝑍); the transmitting antenna and the receiving
antenna are located at (𝑋Tx, 0), (𝑋Rx, 0), respectively, where
the subscript in the formula represents the axis𝑥,𝑦.Therefore,
the transmit and receive phase delays are 2𝑘𝑅, where 𝑘 =2𝜋𝑓/𝑐, 𝑅 = 𝑅Tx + 𝑅Rx, 𝑅Tx = √𝑋 − (𝑋Tx)2 + 𝑍2, and 𝑅Rx =√𝑋 − (𝑋Rx)2 + 𝑍2.

Let the received signal be 𝑠(𝑋Tx, 𝑋Rx, 𝑘), and the tar-
get reflectivity is 𝜎(𝑋, 𝑍). Consider the spreading loss;𝑠(𝑋Tx, 𝑋Rx, 𝑘) can be expressed as𝑠 (𝑋Tx, 𝑋Rx, 𝑘) = 14𝜋𝑅Tx𝑅Rx

𝜎 (𝑋, 𝑍)
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⋅ exp (−𝑗𝑘 (𝑅Tx + 𝑅Rx)) ,
(5)

where 𝑅Tx represents the distance from the transmitter to the
target and similarly 𝑅Rx represents the receiver’s distance.

The Fourier transform is performed on the received
signal: 𝑠 (𝑘𝑋−𝑇, 𝑘𝑋−𝑅, 𝑘) = 14𝜋𝜎 (𝑋, 𝑍) ⋅ 𝐹 (𝑘𝑋−𝑇, 𝑘)

⋅ 𝐹 (𝑘𝑋−𝑅, 𝑘) , (6)

where

𝐹 (𝑘𝑥−𝑇, 𝑘) = ∫ exp (−𝑗𝑘𝑥−𝑇𝑅Tx
)𝑅Tx

𝑑𝑋Tx

= 𝑗2𝜋𝑘𝑧−𝑇 exp (−𝑗𝑘𝑧−𝑇 ⋅ 𝑍 − 𝑗𝑘𝑥−𝑇 ⋅ 𝑋)
𝐹 (𝑘𝑥−𝑅, 𝑘) = ∫ exp (−𝑗𝑘𝑥−𝑅𝑅Rx

)𝑅Rx

𝑑𝑋Rx

= 𝑗2𝜋𝑘𝑧−𝑅 exp (−𝑗𝑘𝑧−𝑅 ⋅ 𝑍 − 𝑗𝑘𝑥−𝑅 ⋅ 𝑋)
𝑘𝑥 = 𝑘𝑥−𝑇 + 𝑘𝑥−𝑅𝑘𝑧 = √𝑘2 − 𝑘2𝑥−𝑇 + √𝑘2 − 𝑘2𝑥−𝑅.

(7)

The above analysis applies to the corresponding
transceiver pair of a single scattering point; the following
formula is used to represent the total received wave field:𝑏 (𝑘𝑥−𝑇, 𝑘𝑥−𝑅, 𝑘) = ∬ 𝑠 (𝑘𝑥−𝑇, 𝑘𝑥−𝑅, 𝑘) 𝑑𝑥 𝑑𝑧

= − 𝜋𝑘𝑧−𝑇𝑘𝑧−𝑅⋅ ∬ 𝜎 (𝑋, 𝑍) ⋅ exp (−𝑗𝑘𝑥𝑋 − 𝑗𝑘𝑧𝑍) 𝑑𝑥 𝑑𝑧.
(8)

So the reflection rate of 2D imaging is calculated as

𝜎 (𝑋, 𝑍) = ∬ 𝑏 (𝑘𝑋, 𝑘𝑍) 𝑒(𝑗𝑘𝑥𝑋+𝑗𝑘𝑧𝑍)𝑑𝑘𝑥𝑑𝑘𝑧
= 𝑖𝑓𝑓𝑡 {𝑏 (𝑘𝑋, 𝑘𝑍)} , (9)

where

𝑏 (𝑘𝑋, 𝑘𝑍) = −𝑘𝑥−𝑇𝑘𝑧−𝑇𝜋 𝑏 (𝑘𝑥, 𝑘𝑧) . (10)

The above algorithmic model describes the specific pro-
cess of 2D imaging. Similarly, a three-dimensional data array
can be obtained for each pair of transceivers at each sampling
point, which is easily generalized to the 3D range. Figure 8
shows a MIMO array 3D imaging geometry.

So the reflectivity map of 3D imaging is calculated as

𝜎 (𝑥, 𝑦, 𝑧) = 18𝜋3∭ {∭ [𝑠 (𝑥, 𝑦, 𝑘; 𝑧0) 𝑒(𝑗𝑘𝑧𝑧0)]
⋅ exp [−𝑗 (𝑘𝑥𝑥 + 𝑘𝑦𝑦 + 𝑘𝑧𝑧)] 𝑑𝑥 𝑑𝑦 𝑑𝑧}
⋅ exp [−𝑗 (𝑘𝑥𝑥 + 𝑘𝑦𝑦 + 𝑘𝑧𝑧)] 𝑑𝑘𝑥 𝑑𝑘𝑦 𝑑𝑘𝑧.

(11)

The backscattered data set obtained during the imaging
process is represented by 𝑠(𝑥, 𝑦, 𝑘; 𝑧0). Figure 9 is a complete
flow diagram of 3D MIMO-RMA image reconstruction.

4. Numerical Simulation and
Spatial Sampling Scheme

Figure 10 shows the target used in the numerical simulation.
The target includes 27 scattering points and the distance
between the target center and the antenna array is 0.75m.
The area of the antenna array is 1m × 1m; the transmitting
antenna and the receiving antenna are separated by 0.5 cm.
The frequency ranges from 8 to 12GHz, sampling a total of
101 points with a step of 40MHz.
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Using the proposed MIMO-RMA to reconstruct 3D
reflectivity images, the simulation results are shown in Fig-
ure 11. The processing time is about 15 s and the dynamic
range is set to 20 dB.

Conventional sampling methods usually take several
hours to sample azimuth and elevation angles [20]. Still based
on 1m × 1m antenna and 0.5m sampling step, the traditional
sampling scheme requires 2 hours of processing time. The

Table 1: Comparison among different schemes.

Scheme (a) (b) (c) (d) (e) (f)
Dynamic range (dB) 14 3 7 4.5 5 8.5
Sampling time (min) 120 2 4.1 2 2 4.6

improved sampling scheme can save a lot of time, and six
improved sampling schemes are as follows in Figure 12.

In the simulation experiment, we use dynamic range
and spatial sampling time as the standard to measure the
performance of each sampling scheme.

4.1. Dynamic Range. Figure 13 shows the point scattering
model, which contains 10 sets of scattering points with the
same reflectance. For the model, the numerical simulation
results of the six sampling schemes are shown in Figure 14.

Through the analysis of the results, in addition to Fig-
ure 14(b), other sampling programs can produce a corre-
sponding dynamic range of high-resolution images. Scheme
(b) lacks the sampling process in the elevation direction,
causing some scattering points to be unrecognizable. (a) has
a large dynamic range. The actual situation often requires
dynamic range conditions of not less than 6 dB, so scheme
(c) and scheme (f) can be applied for practical use.

4.2. Spatial Sampling Time. In different operating systems,
the spatial sampling time may be different. A typical system
consists of a network analyzer that determines the single scan
time from the IF bandwidth and the scan point. For example,
in the N5247A system, set the IF bandwidth of 10 KHz and
set the 401 scanning points; the single scan point of a single
scan time is 155ms [21]. The dynamic range and sampling
processing time of the six sampling schemes are listed in
Table 1.



8 Wireless Communications and Mobile Computing

Scattering Points Model

x (m)

0.2

0.3

0.2

−0.2

−0.1

0.1

−0.3

0

0

0

0.2

−0.2
−0.2

y (m)

z
 (m

)

Figure 10: Scattering points model.

3-D Reflectivity Map

x (m)

0.2

0.3

0.2

−0.2

−0.1

0.1

−0.3

0

0

0

0.2

−0.2
−0.2

y (m)

z
 (m

)

Figure 11: 3D reflectivity map.

O

x

y

z

(a)

O

x

y

z

(b)

O

x

y

z

(c)

O

x

y

z

(d)

O

x

y

z

(e)

O

x

y

z

(f)

Figure 12: Six spatial sampling schemes.



Wireless Communications and Mobile Computing 9

(0.1, −0.3, 0.3)

(0.2, 0, −0.2)

(0.15, −0.15, −0.15)

(0.3, −0.3, 0)
(0, −0.2, −0.1)

(0, −0.1, 0.2)

(0, 0.1, 0)
(−0.2, 0.2, 0.1)

(−0.3, 0.15, 0.15)

(−0.15, 0.05, 0.3)

x (m)
0.2

0.2

0

0

0

0.2

−0.2

−0.2

−0.2

y (m)

z
 (m

)

Scattering Points Model

Figure 13: Scattering points model.

Scheme (a) with dynamic range 14 dB

x (m)
0.2

0.2

0

0

0

0.2

−0.2

−0.2

−0.2
y (m)

z
 (m

)

(a)

Scheme (b) with dynamic range 3 dB

x (m)
0.2

0.2

0

0

0

0.2

−0.2

−0.2

−0.2
y (m)

z
 (m

)

(b)

Scheme (c) with dynamic range 7 dB

x (m)
0.2

0.2

0

0

0

0.2

−0.2

−0.2

−0.2
y (m)

z
 (m

)
(c)

Scheme (d) with dynamic range 4.5 dB

x (m)
0.2

0.2

0

0

0

0.2

−0.2

−0.2

−0.2
y (m)

z
 (m

)

(d)

Scheme (e) with dynamic range 5 dB

x (m)
0.2

0.2

0

0

0

0.2

−0.2

−0.2

−0.2
y (m)

z
 (m

)

(e)

Scheme (f) with dynamic range 8.5 dB

x (m)
0.2

0.2

0

0

0

0.2

−0.2

−0.2

−0.2
y (m)

z
 (m

)

(f)

Figure 14: (a) Scheme (a), 14 dB. (b) Scheme (b), 3 dB. (c) Scheme (c), 7 dB. (d) Scheme (d), 4.5 dB. (e) Scheme (e), 5 dB. (f) Scheme (f),
8.5 dB.

5. Conclusion

In this paper, we combine the laboratory measurement of
5G RF reflector with the theoretical algorithm to study
the application of RF reflector in solving the line-of-sight
blocking problem in millimeter-wave frequency band. And
a 3D near-field range migration (RM) imaging algorithm
for MIMO array configuration is proposed. The algorithm
can effectively reduce the image distortion and reconstruct
the high-quality image. Finally, by improving the sampling
scheme, the sampling time is greatly shortened, which makes
the whole algorithm more practical.
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