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Abstract—Reconfigurable intelligent surfaces (RISs) can pro-
vide a reliable and low-latency millimeter wave (mmWave)
communication link in cases of a blocked line-of-sight (LoS)
between the base station (BS) and the user equipment (UE).
In such cases, the RIS mounted on a wall or ceiling can act as a
bypass for the radio communication link. We present an active
RIS with 127 patch antenna elements arranged in a hexagonal
grid. The RIS operates at a center frequency of 23.8 GHz and
each RIS element uses an orthogonal polarization transformation
to enable amplification using a field-effect transistor (FET). The
source and drain voltages of each FET are controlled using
two bits. We consider that the RIS control unit is aware of
the UE coordinates within the measurement area, relevant to
the industrial control scenarios. We measure the received power
on a 2D grid of 60 cm×90 cm using an xy-positioning table,
with the RIS working in reflective and active mode. The results
demonstrate the ability of the RIS to effectively focus the radio
signal on the desired target points. We characterize the half-
power beam width in azimuth and radial directions with respect
to the RIS position, enabling us to obtain a practical RIS
configuration update criterion for a mobile UE. These results
clearly show that RISs are prominent solutions for enabling
reliable wireless communication in indoor industrial scenarios.

Index Terms—Reconfigurable Intelligent Surface (RIS), 6G,
mmWave, active RIS, wireless channel measurement

I. INTRODUCTION

In this paper, we are specifically interested in using a

reconfigurable intelligent surface (RIS) in an indoor automa-

tion and control scenario with high-reliability and low-latency

requirements for a mmWave communication link. The RIS

shall provide a bypass for the radio signal in case the line-

of-sight (LoS) between the base station (BS) and the user

equipment (UE) is blocked.

The authors of [1], [2] show that an active RIS outperforms

a passive RIS under the same power budget. Hence, active RIS

elements can either increase the signal-to-noise ratio (SNR) at

the UE when the number of RIS elements is kept constant,

or the number of RIS elements can be reduced for a constant

SNR target, helping to reduce the cost and size of the RIS.

Moreover, a RIS with a smaller number of elements can

quickly update its element configuration to track a mobile

UE. This feature is particularly advantageous for time-sensitive

automation and control applications, which are the main focus

of this research paper.

In [2] an active RIS for the mmWave frequency band is

presented using a polarization transformation to enhance the

isolation between incoming and reflected waves. Numerical

simulations and measurements for the received power show a

good match for the radiation pattern in an anechoic chamber.

However, validation and testing of RISs in indoor non-LoS

(NLoS) scenarios with a mobile user equipment (UE) is

necessary for industrial automation to ensure a reliable link

between the base station (BS) and UE.

The authors of [3] investigate a RIS-assisted indoor scenario

with moving robots. For this work, they assumed to have either

a large number of small RISs or a small number of large

RISs. In [4], a mobile target tracking scenario is considered

by estimating motion parameters. However, these two studies

are theoretical and need to be verified with measurements

in practical environments. The authors in [5] studied a RIS

grouping approach using an iterative algorithm and performed

the measurement for sub-6 GHz in an indoor scenario.

Scientific Contributions

• We present an enhanced version of the RIS described

in [2] containing 127 patch antenna elements for the

mmWave band with optimized reflection coefficients. We

evaluate the ability of the RIS to focus the radio signal

on the mobile UE location, analyzing a 2D measurement

area of 60 cm×90 cm using an xy-positioning table. We

compare the measurement results with a numerical simu-

lation, achieving an excellent qualitative and quantitative

match.

• The obtained received power pattern reveals how often

we need to update the RIS configuration to maintain the

received power at the mobile UE location above a certain

threshold. We compare the results of the RIS in active and

reflective mode.

• Results show that the proposed RIS can effectively focus

the radio signal on a mobile UE in a NLoS scenario.
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Fig. 1. RIS coordinate system for a hexagonal RIS element placement in the
yz-plane. The BS horn antenna radiates from position a towards the center
of the RIS at 0 = (0, 0, 0) over a distance of |a|. The UE monopole antenna
at position b is within a distance of |b| moving on an xy-positioning table.
The LoS is blocked between the BS and the UE. The picture is not to scale
to improve clarity.

II. RIS SYSTEM MODEL

For our system model, we consider that there is no direct

link between BS and UE and there is a line-of-sight (LoS)

channel for the BS-RIS and the RIS-UE link. The BS is

located at a = (ax, ay, az) in Cartesian coordinates. We also

use spherical coordinates ã = (ar, aϕ, aθ) depending on the

context. We measure azimuth aϕ between the x-axis and the

projection of the vector ã onto the xy-plane and elevation aθ
between the projection in the xy-plane and the vector itself;

see Fig. 1. The UE is located at b and the M RIS element

center points at um with m ∈ {1, . . . ,M}. The received power

at the UE position is given as

PUE = PBS

GBSGUE(dydz)
2
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where PBS, GBS, GUE, dy, and dz are the BS transmit power,

the BS and UE antenna gain and the effective RIS element

dimension in y and z direction, respectively [6], [7], [2].

The complex reflection coefficient of each RIS element m is

denoted by Γm. The wavelength λ = c0/f , where f denotes

the center frequency and c0 the speed of light. The combined

antenna pattern of the BS antenna, the RIS element m for

receive and transmit operation, as well as the UE antenna is

described by F c
m, please see [2, (2)] for details.

Fig. 2. Closeup of the RIS printed circuit board with 127 RIS elements.

TABLE I
ACTIVE RIS PARAMETERS AND MEASUREMENT SETUP.

Parameter Definition

f = 23.8GHz center frequency
M = 127 number of RIS elements
dz , dy = 6.6mm effective RIS element size
d = 8.7mm smallest RIS element distance

PBS = 10 dBm BS transmit power
GBS = 19 dB BS horn antenna gain
GUE = 3.2 dB UE vert. pol. monopole antenna gain
|a| = 1.86m, |b| = 1.4m RIS-BS and RIS-UE distance
ã = (1.86m,−36◦, 0◦) BS location

b̃P1
= (1.4m, 40◦,−16◦) UE location at point P1

b̃P2
= (1.4m, 10◦,−16◦) UE location at point P2

III. RIS DESIGN

The RIS PCB, depicted in Fig. 2, has been improved

compared to the version presented in [2] where 37 elements

were used. In the current version, the RIS consists of M = 127
elements arranged in five hexagonal rings with an additional

element positioned at the center. The RIS operates at a center

frequency of 23.8 GHz. Table I provides a summary of the

RIS parameters and the measurement setup. The origin of the

coordinate system is considered to be the RIS center. The

matching network in [2, Fig. 4] has been modified such, that

we can use the following reflection coefficient alphabet for the

reflective mode

AR = {(0.3,∠− 15◦), (0.3,∠165◦)}.

Hence, the phase difference between both states is now 180◦,

allowing to cancel the specular reflection, cf. [2, Sec. III]. In

active mode the RIS hardware achieves

AA = {(1.25,∠0◦), (0,∠0◦)}.

Hence, in active mode the reflected signal of an element is

1.25/0.3 ≃ 4.2 ≃ 6.2 dB stronger than in reflective mode.

The reflection coefficients for each of the RIS elements

are chosen to maximize the power at a desired UE position

through a coherent superposition of all RIS elements contri-

bution, cf. [2, Algorithm 1].



Fig. 3. RIS testbed top view.

IV. RIS POWER PATTERN EVALUATION

To evaluate the performance of the RIS in an industrial

scenario, we evaluate the received power pattern PUE, with an

xy-positioning table measuring the received power PUE(b̃).
We configure the RIS elements to focus the radio signal

on the defined coordinates b̃ ∈
{

b̃P1
, b̃P2

}

. A schematic

representation of the measurement setup is shown in Fig.

3. The transmitter (TX) horn antenna, mounted on a tripod

is pointing to the center of the RIS that focuses the signal

on the desired UE position. For this measurement setup, the

UE is a vertically polarized omnidirectional antenna, that is

mounted on the xy-positioning table and can move to defined

positions. An absorber blocks the direct LoS between TX and

RX, simulating a NLoS industrial scenario. A picture of the

actual measurement setup in the laboratory is shown in Fig.

4.

While the TX location is fixed, the UE is moving on the

xy-positioning table with the sampling steps of 2 cm in the

measurement area of 0.92 ≤ x ≤ 1.52m and 0.02 ≤ y ≤
0.92m. This means that we have 1380 sampling points in the

measurement area. For the numerical simulation with (1), we

modeled the schematic measurement setup and calculated the

received power at the same positions as the measurement.

We consider two target points P1 and P2, with coordinates

b̃P1
= (1.4m, 40◦,−16◦) and b̃P2

= (1.4m, 10◦,−16◦),
respectively. We chose the points P1 and P2 such that they

have the same distance from the RIS and the only difference

is their azimuth angle. This is because we want to know how

often we need to reconfigure the RIS to maintain the received

power PUE above a desired minimum power threshold. In

Section V we will present and compare the simulation and

measurement results for the RIS, focusing the signal on the

points P1 and P2. Furthermore, we show the results for the

RIS working in reflective and active mode.

A. Numerical Power Pattern Simulation

We simulate the power pattern at a given coordinate b

using the formula in (1). We obtain the configuration of the

RIS elements using the optimization algorithm presented in

[2, Algorithm 1]. For the simulation, we evaluate the receive

power with a resolution of 2 cm in x and y directions.

B. Empirical Power Pattern Measurement

We perform a measurement of the impulse response (IR)

hx,y[n] vs. x and y coordinates on the xy-table. We perform

the measurement such that the mobile UE moves from one

point to the next adjacent point in the y-direction. Then we

insert a pause time of ∆t = 200msec to let the possible UE

vibrations fade away after the movement. Next, we perform

Q repetitive measurements to record the channel sounder data.

Then we take the average of the recorded IRs and calculate

the received power as

PUE(x, y) =
PBS

Q
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to obtain the RIS power pattern, we set Q = 50 from which we

calculate the average of the 50 recorded measurements, n1 and

n2 define the support of the impulse response above the noise

floor to suppress measurement noise as much as possible. The

impulse response measurements in this paper have a support

in the interval n1 ≤ n ≤ n2 with n1 = 7 and n2 = 13.

V. SIMULATION AND MEASUREMENT RESULT ANALYSIS

Initially, we carefully calibrated the RIS orientation in the

3D space such that the RIS surface norm in the center matches

the x-axis in the positive direction. This is important to achieve

a precise alignment of the received power pattern between

measurement and numerical simulation. Then we performed

the experiment in four steps:

A. Validating non-Line-of-Sight Scenario

To evaluate the received power at the UE without RIS

in a NLoS scenario, we physically removed the RIS from

the testbed shown in Fig. 4a. In Fig. 5a we observe that

the received power at most (x, y) positions is as low as

Pmeas
UE = −100 dBm. This is because the absorber blocks the

majority of the transmitted power. Hence, we will use a RIS to

circumvent the blocking obstacle and obtain a higher received

power. The measurement noise power is well inline with the

theoretical value

Pmeas
UE = −100 dBm ≈ 10 log 10

(

kTB

1mW ·Q

)

+NF (3)

with the Boltzmann constant k = 1.38·10−23 m2kg

s2K
, temperature

T = 293K, bandwidth B = 155MHz and a combined noise

figure of the TX and RX amplifier of NF = 9 dB.



(a) RIS measurement testbed with LoS blockage. (b) RIS Measurement testbed without blockage.

Fig. 4. Measurement testbed with (a) and without (b) the LoS blockage object.

(a) Measurement result with the RIS removed from the measurement setup. (b) Measurement result with the RIS switched off.

Fig. 5. Received power PUE(x, y) over measurement area of xy-positioning table. We illustrate the empirical measurement data for (a) without RIS and (b)
RIS switched off

B. Validating Limited Reflection of RIS when Switched Off

In order to assess the effect of the RIS while it is switched

off, we mounted the RIS but turned off its power supply.

Figure 5b shows that due to the structural reflectivity of the

RIS elements, we get a small amount of received power within

the measurement area. According to Fig. 5b, the maximum

received power is Pmeas
UE = −80 dBm around the position of

the specular reflection.

C. RIS Operating in Reflective Mode

In reflective mode, the RIS elements are set to have a phase

shift of either −15◦ or +165◦. This ability to have a phase

shift difference of 180◦ improves the RIS performance in the

reflective mode compared to the results in [2], allowing to

suppress the specular reflection. In Figs. 6a and 6b both the

simulation and the measurement result show that the RIS can

focus the radio signal on point P1 and the received power

for simulation and measurement are P sim
UE = −57 dBm and

Pmeas
UE = −60 dBm, respectively. In Figs. 6c and 6d the RIS is

focusing the radio signal on the target point P2. The mobile

UE in simulation and measurement has a receive power of

P sim
UE = −56 dBm and Pmeas

UE = −57 dBm, respectively. These

results show that the reflective RIS can provide an SNR of

more than 40 dB at the intended target point. The comparison

between the simulation and measurement results illustrates not

only a high quantitative match but also the power levels of the

simulation and measurement match with high accuracy.

D. RIS Operating in Active Mode

In active mode, the RIS elements are either turned off or

they amplify the received signal with a gain of 1.25. Figures

7a and 7b show the power patterns of the RIS working in

active mode while focusing the radio signal on the target

point P1. The power level at the mobile UE in simulation

and measurement is P sim
UE = −52 dBm and Pmeas

UE = −56 dBm,

respectively. Finally, Figs. 7c and 7d show the results while

the RIS is focusing the radio signal on point P2 with a

received power of P sim
UE = −52 dBm and Pmeas

UE = −53 dBm

in simulation and measurement, respectively. Therefore, using

an active RIS in this NLoS scenario provides an SNR level



(a) Sim. result for reflective RIS, focusing signal on point P1. (b) Meas. result for reflective RIS, focusing signal on point P1.

(c) Sim. result for reflective RIS, focusing signal on point P2. (d) Meas. result for reflective RIS, focusing signal on point P2.

Fig. 6. Received power PUE(x, y) over measurement area of xy-positioning table. We compare the numerical simulation results with empirical measurement

data for the RIS in reflective mode. The BS is located at ã = (1.86m,−36◦, 0◦) and the signal shall be focused on the UE positions b̃P1
= (1.4m, 40◦,−16◦)

and b̃P2
= (1.4m, 10◦,−16◦).

of at least 44 dB at the desired point. Finally, a comparison

between the received power levels in the reflective and active

results indicates that the active RIS outperforms the reflective

RIS by a gain of at least 4 dB.

VI. UPDATE REQUIREMENT FOR RIS CONFIGURATION IN

INDUSTRIAL AUTOMATION AND CONTROL SCENARIO

For a RIS-assisted wireless communication system with a

mobile UE in an industrial environment, we need to know

how often the RIS needs to be reconfigured. This is crucial

for the mobile UE to maintain received power above a certain

threshold. We calculate the coverage for a mobile UE, moving

radially (motion along the RIS) or moving in azimuth direction

(motion by changing azimuth angle but keeping the same

distance from the RIS); please see Fig. 3 for more details.

Here, we set the received power threshold to be the half-power

beamwidth (HPBW) and calculate the RIS focusing area as

ρr =
1

2

(

hRIS − hUE

tan(θUE − β/2)
−

hRIS − hUE

tan(θUE + β/2)

)

(4)

ρa = |b| tan(α/2) (5)

where ρa and ρr are corresponding to the azimuth and radial

motion and define the minor and major axis of an ellipse that

specifies the RIS HPBW focusing area on the xy-positioning

table, hRIS and hUE are the RIS and UE heights, θUE is the UE

elevation angle, and β and α are the vertical and horizontal

HPBW angles, respectfully, (please see Fig.3).

Considering the RIS center as the origin of the coordinate

system, for our setup we have (hRIS, hUE) = (0 cm,−39 cm)
and θUE = −16◦. Applying (4) and (5) to the results shows that

(α, β) ≃ (8◦, 7◦) and the dimension of the focus area in the

radial and azimuth directions are ρa ≃ 9 cm and ρr ≃ 40 cm,

i.e., the size of the focusing area is smaller in the azimuth

direction than in the radial direction. Therefore, for a mobile



(a) Sim. result for active RIS, focusing radio signal on point P1. (b) Meas. result for active RIS, focusing radio signal on point P1.

(c) Sim. result for active RIS, focusing radio signal on point P2. (d) Meas. result for active RIS, focusing radio signal on point P2.

Fig. 7. Received power PUE(x, y) over measurement area of xy-positioning table. We compare the numerical simulation results and empirical measurement

data for the RIS in active mode. The BS is located at ã = (1.86m,−36◦, 0◦) and the signal is focused on the UE position b̃P1
= (1.4m, 40◦,−16◦) and

b̃P2
= (1.4m, 10◦,−16◦).

UE that moves in the azimuth direction, the RIS requires more

configuration updates than for radial motion. It is important

to mention that the HPBW angles are variable and depend on

the RIS configuration. For a mobile robot located at point P2

moving in an azimuth direction with a speed of v = 1m/sec

towards point P1, we need to update the RIS setting after

ρa/v = 90msec to be in the RIS focus area. However, if the

robot moves with the same speed towards the point P3, we

need to update the RIS setting after ρr/v = 400msec.

VII. CONCLUSION

We tested the capability of a RIS proof-of-concept (PoC)

that allows establishing a reliable link in mmWave frequencies

for a mobile UE in an indoor NLoS scenario. We measured the

received power for a mobile UE moving on an xy-positioning

table. We evaluated the received power at the UE for the

RIS working in reflective or active mode. The simulation

and measurement results match qualitatively and quantitatively

with high accuracy. We have analyzed the control algorithm

requirements for the RIS to serve a mobile UE in a NLoS

industrial environment, ensuring that the received power at

the UE location exceeds a specified threshold. Based on

both simulation and measurement results, our analysis of the

received power pattern for the considered indoor scenario

revealed that the RIS update rate must be four times higher

for a mobile UE moving in the azimuth direction compared

to the radial movement. The results of both simulations and

measurements demonstrated that the RIS effectively focused

the radio signal on the desired targets and that the active

RIS provides 4 dB higher received power compared to the

optimized reflective RIS.
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