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Characterizations of Millimeter-wave Reconfigurable Intelligent
Surfaces in the Near-field Region

Peng Mei, Gert Frølund Pedersen, and Shuai Zhang
Antennas, Propagation and Millimeter-Wave Systems (APMS) Section

Department of Electronic Systems, Aalborg University, Aalborg, Denmark

Abstract— Reconfigurable intelligent surfaces (RISs) have been envisaged as a key and promis-
ing technology for evolved millimeter-wave 5G and upcoming 6G applications to enhance wireless
communication channel capacity and quality. RISs are, in general, implemented with an elec-
trically large size that is much larger than the wavelength at the frequency of interest. In some
specific indoor application scenarios, such as intelligent factories, intelligent offices, intelligent
shopping malls, etc., the users or targets are usually located at the near-field regions of the RISs.
In these application scenarios, using RISs to perform near-field communications rather than con-
ventional far-field communications might bring significant benefits. This paper will demonstrate
our findings on the characterizations of millimeter-wave reconfigurable intelligent surfaces in the
near-field regions, where it is found and concluded that using a near-field focusing RIS can indeed
gain some benefits for wireless communications. Some figures of the metric of benefit distance
and near-field gain are defined to quantitatively evaluate the benefits gained by the near-field
focusing RIS. The findings will provide system-level reference and thumb of the rule of RISs for
some indoor application scenarios, where the users are in the near-field region of the RIS.

1. INTRODUCTION

Reconfigurable intelligent surfaces (RISs) have emerged as a novel communication paradigm with
tremendous potential for enhancing the performance of the evolved 5G and upcoming 6G wireless
networks [1–4]. RISs are kinds of surfaces that are composed of lots of artificial elements, each
of which can be controlled with electronic components such as PIN diodes or RF switches to
manipulate the reflection phase of electromagnetic waves [5–9]. As a result, RISs have the capability
to intelligently control the propagation of wireless signals, resulting in a significant reduction in
interference at desired receivers and enhanced security against non-intended receivers, which can
be achieved by manipulating the radiation beams of the RIS intelligently.

To date, most research related to RISs has focused on practical implementations based on
far-field assumptions. Since a RIS is usually implemented with an electrically large aperture in
terms of wavelength in the frequency of interest, in some scenarios where users or receivers are
in the near-field region of a RIS, such as indoor applications, near-field assumptions should be
adopted to evaluate its performance [10]. However, there is a lack of literature that systematically
evaluates the electric-field activities in the near-field region of a RIS. A recent study examined the
near-field behaviors of RISs using a simplified model, neglecting mutual couplings among elements
and modeling radiation patterns as isotropic [11]. Despite the limitations, the study revealed
the potential benefits of using RISs in near-field communications instead of conventional far-field
communications. Near-field focusing, which can achieve a high-energy focal spot in the near-field
region, is a critical technology in near-field wireless communications. The focal spot of a near-
field focusing surface can be controlled by manipulating phases of radiating elements, making it a
versatile tool for wireless power transfer [12, 13] and RFID reader applications [14–16].

This paper briefly summarizes some results of our previous work [17], where we conducted a
comprehensive study and comparison of the characteristics of a RIS in its near-field region. The
electric field is selected as the evaluation target, where the electric fields in the near-field region of
both near-field focusing and conventional far-field RISs are simulated and compared. To quantify
the performance of the near-field focusing RIS, we proposed and defined a metric called benefit
distance, which represents the spatial distance that the near-field focusing RIS can outperform the
conventional far-field RISs in terms of electric-field amplitudes. Within the benefit distance, the
electric fields from the near-field focusing RIS are always stronger than the counterparts from the
conventional far-field RIS. Another metric of near-field gain that is related to the position of the
observation area is defined as the difference in electric fields between the near-field focusing and
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conventional far-field RISs at the same positions. These metrics can provide a deeper understanding
of the performance of RISs in near-field communication scenarios and can aid in the design of more
efficient RIS-based communication systems.

2. APPLICATION SCENARIO

To demonstrate a potential use case for RISs in near-field communication scenarios, an application
scenario is illustrated in Fig. 1. The RIS first receives the electromagnetic waves from the base
stations and then directs them to users by manipulating the reflection phase of the RIS intelligently.
It is well known that the electromagnetic field characteristics of an antenna vary as a function of
distance, and as a result, the free space surrounding the antenna can be divided into two regions.
The near-field region, which is closer to the antenna, is characterized by non-radiating electric and
magnetic fields that dominate the behavior of the electromagnetic field. In contrast, the far-field
region, which is further away from the antenna, is characterized by radiating fields that propagate
through space.

RIS
Base

station

Figure 1: The diagram of application scenario of a near-field focusing RIS.

For a square-shaped aperture antenna, its near-field region is evaluated by [18]:

d =
2D2

λ
(1)

where D is the diagonal length (otherwise, it should be the largest dimension for an irregular-shaped
aperture) of the aperture antenna. λ is the wavelength at the frequency of interest. Fig. 2 plots the
near-field distance of a square-shaped RIS with varying sizes at 26 GHz using Eq. (1). As an exam-
ple, a RIS with a dimension of 500 mm × 500mm has a near-field distance of approximately 86.6 m.
when the size of a RIS exceeds a few square meters, the near-field distance becomes significant,
spanning several hundred meters and effectively covering the entire space of an indoor environment.
This observation motivates the exploration of RISs for near-field wireless communication systems,
as opposed to conventional far-field communications. In the following sections, we will discuss the
characteristics of RISs in their near-field regions and the potential advantages of using RISs to
perform near-field focusing for wireless communications.

3. PERFORMANCE ANALYSIS OF A RIS IN ITS NEAR-FIELD REGION

To describe the radiation beam of a conventional far-field RISs, it is often characterized by a solid
angle (θ, ϕ) in the spherical coordinate. In contrast, a near-field focusing RIS has an additional
degree of freedom, and the location of the focal spot can be controlled using (r, θ, ϕ) in the spherical
coordinate. The additional degree of freedom allows for greater control over the position of the
focal spot.

The manipulations of the focal spot of a near-field focusing RIS still rely on controlling the
reflection phase of each element of the RIS. Fig. 3(a) presents a simple diagram of a RIS illuminated
with an external source that can offer either spherical or plane wave, where the RIS usually consists
of unit cells with a periodicity of around half-wavelength at the frequency of interest in free space.
The RIS first receives the electromagnetic waves from the external source, after which it can achieve
a focal spot at a position in the near-field region. For a focal spot at a specific position of (xf , yf , zf ),
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the phase on element i of the RIS is formulated as:

ϕ(xi, yi, 0) = −2π

λ

(√
(xs − xi)2 + (ys − yi)2 + (zs)2 +

√
(xf − xi)2 + (yf − yi)2 + (zf )2

)
(2)

where (xs, ys, zs) is the location of the phase center of the external source, (xi, yi, 0) is the location
of the element i in the RIS, and λ is the wavelength at the frequency of interest.

To investigate the performance and properties of a near-field focusing RIS, we constructed a
200mm × 200mm RIS using dielectric-based reflective elements with a periodicity of 5 mm, where
the reflection phase of each element can be adjusted by tuning its height. We obliquely illuminated
the RIS with a 10 dBi gain linearly-polarized horn antenna at 26 GHz, which generates a spherical
wave. To ensure good aperture illumination and eliminate blockage effects, we set the location of
the phase center of the horn antenna to (95mm, 0, 106.5mm), based on the radiation patterns of
the horn antenna at 26GHz. Using Eq. (2), we can calculate the phase distributions of elements on
the RIS at 26GHz with assigned focal distances of 80mm, 200mm, 300 mm, 400 mm, 500 mm, and
600mm along the boresight direction (z-direction). The near-field focusing performance of the RISs
is simulated with CST Microwave Studio software. An example of a simulation model established
in CST is depicted in Fig. 3(b). Fig. 4(a) presents the electric fields in the z-direction from 0
to 1000 mm (corresponding to 0 to 87λ). It is observed that the simulated actual focal distance
(the location of the peak electric-field amplitude) is smaller than the assigned value. The distance
discrepancy between the locations of the actual and assigned focal spots is named focal shift, which
is attributed to the field-spreading factor 1/R as explained in [19, 20]. The focal shift is increasingly
remarkable with the increment of the assigned focal distance as seen in Fig. 4(a). Besides, the focal
spot is becoming less concentrated with the increment of the assigned focal distance as observed
from Fig. 4(a). Indeed, the electric-field distributions on the yoz-plane of the RISs with assigned
focal distances of 80mm and 300 mm are plotted and shown in Figs. 4(c) and (d), where the shape
of the focal spot becomes longer for a larger focal distance.

Figure 2: The calculated near-field distance with different aperture sizes at 26 GHz using Eq. (1). (D is the
diagonal length of the square-shaped aperture).

RIS

z

(xs, ys, zs)

(xf, yf, zf)

Focal spot

x

o

(xi, yi, 0)

Source

 

External 

source 

RIS 

Figure 3: (a) A simple diagram of a RIS illuminated with an external source to achieve a focal spot in the
near-field region. (b) An example of the simulation model in CST software.
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Figure 4: Near-field focusing performance of a RIS. (a) The electric field along the boresight direction with
the assigned focal distances of 80, 200, 300, 400, 500, 600mm. (b) The electric field along the boresight
direction with the assigned focal distance of 80 and 300 mm, and the referred far-field. (c) The electric-field
distribution on the yoz-plane with the assigned focal distance of 80 mm. (d) The electric-field distribution
on the yoz-plane with the assigned focal distance of 300mm. (The units for y- and z-axis are millimeters in
both Figs. (c) and (d)).

To demonstrate the benefits of a RIS performing the near-field focusing, the electric fields of
the conventional far-field RIS (RIS acts as a conventional directional reflector) along the boresight
direction are also simulated. Fig. 4(b) reveals that the conventional far-field RIS does not possess a
focal spot from 0 to 1000 mm, and there are points of intersection between the electric fields of the
near-field focusing and far-field RISs. The longitude distance of the intersection point is defined as
the benefit distance here. Within the benefit distance, the electric fields generated by the near-field
focusing RIS are stronger than those of the conventional far-field RIS as seen in Fig. 4(b). Moreover,
the benefit distance increases with the increment of the focal distance as observed in Fig. 4(b).

To assess the benefits that we can gain by using the near-field focusing RIS instead of the
conventional far-field RIS, a cumulative distribution function (CDF) related to the electric-field
enhancement is proposed and defined as:

F (x) = P ((Efocusing − Eref ) ≤ x) (3)

where Efocusing is the electric-field amplitude from the near-field focusing RIS at a specific location,
and Eref is the electric-field amplitude from the conventional far-field RIS at the same location.
The difference between Efocusing and Eref is named near-field gain here (e.g., Near-field Gain
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= Efocusing − Eref ). We use the decibels to describe the near-field gain in the following. When a
near-field gain is positive, it means Efocusing is stronger than Eref . The CDF implies the probability
of the near-field gain less than a certain value in the area of interest which can be a line, a plane,
or a volume.

To accommodate scenarios involving mobile users effectively, it is crucial for the RISs to have
the ability to steer its radiation beam or focal spot. By selecting the points with the highest powers
from all scanning beams or focal spots within a 2- or 3-dimensional space, a total scan pattern can
be formed in a plane or volume accordingly. For demonstration, we select an area of 400 mm ×
400mm on the yoz-plane as the region of interest to reduce the simulation time and eliminate the
blockage effects of the external source (horn antenna). The total scan patterns from the near-field
focusing and conventional far-field RISs have been simulated and plotted, where the CDFs related
to the near-field gain are calculated then according to the total scan patterns.

Here, we investigate and calculate the CDFs of the near-field focusing RISs. Figs. 5(a) and (b)
plot the total scan patterns of the near-field focusing RIS with assigned focal distances of 80 mm
and 300mm in the region of interest, respectively. The scan patterns reveal that the focal spots
are scanned along the arcs of the assigned focal distances. Furthermore, the total scan pattern of
the conventional far-field RIS at the same area of interest is also plotted in Fig. 5(c). As a result,
the corresponding CDFs related to the electric field enhancement of the near-field focusing RISs
with assigned focal distances of 80mm and 300 mm compared to the conventional far-field RIS are
calculated and shown in Fig. 6.

(a) (b)

(c)

Figure 5: The total scan patterns within the area of interest (400mm × 400mm on the yoz-plane) at 26 GHz.
(a) Near-field focusing RIS with an assigned focal distance of 80 mm. (b) Near-field focusing RIS with an
assigned focal distance of 300 mm. (c) Conventional far-field focusing RIS. (All values are normalized to the
maximum electric-field amplitude of Fig. 6(a).)

Note that the results in Fig. 6 have already included the conventional far-field RIS case as the
near-field gain is defined as the difference between Efocusing and Eref . The maximum near-field
gains are 15 dB and 17 dB for the near-field focusing RISs with assigned focal distances of 80mm
and 300 mm, respectively. On the other hand, the probability that the electric fields from a near-
field focusing RIS stronger than those from the conventional far-field RIS in the area of interest
with respect to a certain near-field gain value can be directly observed from the CDFs shown in
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Fig. 6. For the near-field focusing RIS with an assigned focal distance of 80 mm, the value of the
corresponding CDF is 0.78 when the near-field gain is 0 dB. The value of 0.78 means the region that
electric fields from the near-field focusing RIS are stronger than those of the conventional far-field
RIS accounts for 22% of the area of interest (400 mm × 400mm). In contrast, the value of the
CDF is only 0.09 when the near-field gain is 0 dB for the near-field focusing RIS with an assigned
focal distance of 300 mm.

As seen in Fig. 6, the CDFs of the near-field focusing RISs with assigned focal distances of
80mm and 300 mm are greatly distinct (the slopes of the curves are different). Specifically speaking,
the probabilities differ noticeably when the near-field gain is 0 dB, they are 0.78 and 0.09. The
differences of the CDFs can be explained by the 1-D electric fields shown in Fig. 4(b). Compared
to the dimension of the area of interest (400mm × 400mm (yoz plane)), the electric fields from the
near-field focusing RIS with an assigned focal distance of 300 mm are always stronger than those of
the conventional far-field RIS within 400 mm as the benefit distance of the near-field focusing RIS
is around 650 mm. In contrast, as the benefit distance with an assigned focal distance of 80mm is
only around 180 mm, the electric fields of the near-field focusing RIS are only stronger than those of
the conventional far-field RIS within 180 mm. Beyond the benefit distance (from 180 to 400 mm),
the electric fields of the near-field focusing RIS are weaker than those of the conventional far-field
RIS.

Figure 6: The calculated CDFs of near-field gain of near-field focusing RISs with assigned focal distances of
80 and 300 mm.

It should be mentioned here, the CDF is also affected by the size of the region of interest.
Specifically speaking, for a near-field focusing RIS with an assigned focal distance of 300 mm, the
CDFs will be different when the areas of interest are 400mm × 400mm and 600 mm × 600mm.
The maximum near-field gains might keep the same but the probability that the near-field gain is
higher than an identical value will be distinct.

4. CONCLUSION

In this paper, we have conducted a comprehensive study of the near-field behaviors of a near-field
focusing RIS. By comparing the electric fields from near-field focusing and conventional far-field
RISs in the near-field region, we observed that the electric fields from the near-field focusing RIS
are stronger than those from the conventional far-field RIS in certain regions. To evaluate the
advantages of using near-field focusing RIS, we have defined metrics such as benefit distance, near-
field gain, and cumulative distribution function (CDF) related to the electric-field enhancement.

Through our analysis of near-field focusing RISs with assigned focal distances of 80mm and
300mm, we have concluded that a larger focal distance leads to a larger benefit distance and a
smaller near-field gain. Furthermore, the benefit distance has a direct impact on the CDF. Typically,
a larger benefit distance results in a smaller probability in the area of interest as indicated by the
CDF when the near-field gain is equal to a certain value.

In indoor wireless communication scenarios, if the entire room is within the near-field region of a
RIS, using a RIS for near-field focusing can bring significant benefits compared to a conventional far-
field RIS. By knowing the users’ locations and the desired power they need to receive, we can assess
the near-field gain based on the transmitted power from the base station. This information can
help determine the optimal size of the RIS needed for effective near-field wireless communications.
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