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Distribute radio units (RU) to 
redcuce transmit power
D-MIMO proof of concept (PoC)
• 100 m aperture
• Vehicular UE nodes
• 32 RU testbed

GREEN 6G TECHNOLOGY RESEARCH @ AIT
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Distributed Massive MIMO

Main research topics
• Coherent operation for wide aperture
• Reliable channel state acquisition
• Reciprocity callibration

Main research topics
• RIS control using feedback from UE
• Low power BS design

Overcome mmWave signals blocking 
for reliable wireless communication
Active RIS PoC
• Fast reconfigurable RIS
• Digital twin for reflective environments

Reconfigurable Intelligent Surfaces
Use low frequency bands to setup 
broadband mmWave links
Multi band PoC for vehicular links
• operation at 3 GHz, 34 GHz & 62 GHz
• V2V and V2I communication

Multiband for Vehicles

Main research topics
• mmWave beamforming algorithm
• Geometry based radio channel 

modelling and emulation

v D. Löschenbrand et al., “Towards cell-free massive MIMO: A measurement-based analysis,“ IEEE Access, 2022, doi, arXiv.
v M. Hofer et al., „Wireless vehicular multiband measurements in centimeterwave and millimeterwave bands,“ PIMRC, 2021.

https://thomaszemen.org/papers/Loeschenbrand22-ACCESS-paper.pdf
https://doi.org/10.1109/ACCESS.2022.3200365
https://arxiv.org/abs/2207.01280
https://thomaszemen.org/papers/Hofer21-PIMRC-paper.pdf


• mmWave signal blocked by object
• Reflective intelligent surface (RIS)

• Semi-passive operation
• 𝜑! is given by position of base station (BS) 

and RIS
• Adjust 𝜑" to establish path from source to 

user euqipment (UE)
Ø Indoor automation and control use cases

RECONFIGURABLE INTELLIGENT SURFACE
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• RIS design

• Loss analysis for RIS reflection coefficient quantization

• Active RIS elements using a polarization transform

• Algorithm for RIS element control with general reflection coefficient alphabet

• Comparison of numerical simulation and empirical result

• Automation use case

• RIS control for X-Y plane user-equipment (UE) movement

• Ray-tracing based digital twin for automation use case

OUTLINE
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RIS IN ANECHOIC ENVIRONMENT
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Maximize PUE
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REFLECION COEFFICIENT QUANTIZATION
Quantize 𝛏m into Q intervals
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NUMERICAL BEAM PATTERN EVALUATION
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�m 2 A = {(0.4,\90�), (0.4,\270�)}
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Table 1: Active RIS Parameters and Measurement Setup.

Parameter Definition

f = 25.8GHz center frequency

M = 37 number of RIS elements

dz , dy = 6.6mm e↵ective RIS element size

d = 0.75� = 8.7mm smallest RIS element distance

PBS = 10 dBm BS transmit power

GBS,GUE = 19 dB BS und UE horn antenna gain

|a|, |b| = 1.7m distance RIS-BS and RIS-UE

ã = (1.7m,�25�, 0�) BS location

b̃ = (1.7m, 15�, 30�) UE location

Reflection coefficient alphabet for Q=2



Digital control
• 1 bit for bias voltage UD

• 1 bit for gate voltage UG

Two operating modes
• Reflective (R)
• Active (A)

Reflection coefficients of RIS HW

ACTIVE RIS ELEMENT DESIGN
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• Hardware constraints lead to reflection 
coefficients with phase difference unqual 
360°/Q.

• Joint maximization

has        solutions.

Ø Simplified Monte Carlo search algorithm 
optimizing each RIS element individualy.

ALGORITHM FOR GENERAL 
REFLECTION COEFFICIENTS
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Fig. 2. Loss in received power vs. the number of quantization intervals Q
for RIS parameters in Tab. I.
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Fig. 3. Numerical simulation result for the received power PUE(', ✓)
vs. azimuth ' and elevation ✓ for an ideal RIS with reflection coeffi-
cient alphabet A = {(0.4,\90�), (0.4,\270�)}. The BS is located at
ã = (1.7m,�25�, 0�) and the signal shall be focused at the UE position
b̃ = (1.7m, 15�, 30�).

assuming coordinates of BS, UE and RIS elements positions
a, b and um are known.

Quantizing ⇠m into Q equal intervals

⇠0m =
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simplifies the RIS element hardware implementation and re-
duces its cost. In Fig. 2 we plot the loss in received power at
the UE location vs. the number of quantization intervals Q,
evaluating (1) numerically for the RIS parameters in Tab. I.
We can see that Q = 2 quantization intervals cause a loss of
4 dB. Hence, a single bit quantization enables a simple RIS
element realization with an acceptable loss in received power.

For the mmWave application in indoor scenarios the ob-
tained power at the UE position is the crucial parameter that
we want to optimize in non-LOS situations. For Q = 2 we
obtain a reflection coefficient alphabet

�m 2 A = {(0.4,\90�), (0.4,\270�)}.

We plot the resulting beam pattern in Fig. 3. The gain of 0.4
is chosen to enable a direct comparison with the results in
Section VI.

In Fig. 3 the radio signal is directed in the intended direction
at the UE position b̃ = (1.7m, 15�, 30�) and the specular

reflection is nicely suppressed. In the lower right corner a
side lobe is visible that is caused by the 0.75� RIS element
spacing and the finite size of the RIS.

In Section IV the active RIS element realization in our
prototype hardware is explained. It will become clear that a
practical reflection coefficient alphabet will deviate from the
choice used for the simulation in Fig. 3, i.e. the elements of
A will have a phase difference that deviates from 360�/Q.
Hence, for a general A the closed form solution using (3)
and (4) is not applicable. Therefore, we need to resort to the
maximization of the received power according to

argmax
�m2A 8m2IM
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2
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The solution of (5) requires the search over |A|M possible
solutions which is infeasible already for moderate values of
M as in Tab. I. Hence, we approximate (5) with a Monte Carlo
search as defined in Algorithm 1.

Algorithm 1: Maximize received power for finite set
of reflection coefficients.
Input: a, b, um, A
IM = {1, . . . ,M};
�m = 0 8 m 2 IM ;
for i = 1 to 500 do

choose m0 2 IM randomly;
argmax�m02A

��P
m2IM

�mDm

��2;
end
Output: �m,m 2 IM

We will use Algorithm 1 in Section V for the numerical
simulations and empirical measurements of our hardware
prototype. The algorithm selects RIS elements randomly and
chooses the reflection coefficient from the finite alphabet A
to maximize the received power at the UE. For the RIS
configuration in this paper 500 iterations are sufficient.

IV. ACTIVE RIS ELEMENT DESIGN

The RIS consists of M micro-strip patch antenna elements
on a multilayer printed circuit board (PCB). The RIS elements
are arranged on a hexagonal grid with a spacing of 0.75�. Each
RIS patch antenna element has two ports, one for horizontal
polarization and another one for vertical polarization. We
exploit the attenuation between these two orthogonal antenna
polarizations to obtain sufficient isolation between input and
output of the amplifier at each RIS element. The amplification
is realized with a single FET per RIS element. In Fig. 4 we
depict the simplified circuit diagram of a single active RIS
element.

The state of each RIS element m is configured by two bits
that switch between two possible bias voltages for the gate
UG,m 2 {u1, u2} and the drain UD,m 2 {u3, u4} resulting
in different reflection coefficient �m. Hence, we use UD,m

to switch between reflective and active mode, and UG,m to
change the phase shift in reflective mode. For the reflective
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Setup
• BS at (𝑟# = 1.7 m, 𝜑i= −25°,  𝜃i= 0°)
• UE at (𝑟# = 1.7 m, 𝜑r= 15°,  𝜃r= 30°)

Reflective mode:
Active mode:

SIMULATION AND MEASUREMENTS

11

-40 -20 0 20 40

-40

-30

-20

-10

0

10

20

30

40

 
 [

°]

-90

-85

-80

-75

-70

-65

-60

-55

-50

-45

-40

P
U

E
 [
d
B

m
]

specular reflectionincomming direction outgoing direction

(a) Numerical simulation.
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(b) Empirical measurements.

Fig. 8. Received power PUE(', ✓) vs. azimuth ' and elevation ✓. We compare (a) numerical simulation results and (b) empirical measurement data for the
RIS in reflective mode. The BS is located at ã = (�25�, 0�, 1.7m) and the signal shall be focused at the UE position b̃ = (15�, 30�, 1.7m).
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(a) Numerical simulation.
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(b) Empirical measurements.

Fig. 9. Received power PUE(', ✓) vs. azimuth ' and elevation ✓. We compare (a) numerical simulation results and (b) empirical measurement data for the
RIS in active mode. The BS is located at ã = (�25�, 0�, 1.7m) and the signal shall be focused at the UE position b̃ = (15�, 30�, 1.7m).
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[13] M. Hofer, D. Löschenbrand, J. Blumenstein, H. Groll, S. Zelenbaba,
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(a) Numerical simulation.
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(b) Empirical measurements.

Fig. 8. Received power PUE(', ✓) vs. azimuth ' and elevation ✓. We compare (a) numerical simulation results and (b) empirical measurement data for the
RIS in reflective mode. The BS is located at ã = (�25�, 0�, 1.7m) and the signal shall be focused at the UE position b̃ = (15�, 30�, 1.7m).
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(b) Empirical measurements.

Fig. 9. Received power PUE(', ✓) vs. azimuth ' and elevation ✓. We compare (a) numerical simulation results and (b) empirical measurement data for the
RIS in active mode. The BS is located at ã = (�25�, 0�, 1.7m) and the signal shall be focused at the UE position b̃ = (15�, 30�, 1.7m).
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S. Sangodoyin, H. Hammoud, B. Schrenk, R. Langwieser, S. Pratschner,
A. Prokes, A. F. Molisch, C. F. Mecklenbräuker, and T. Zemen,
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Fig. 1. Schematic measurement setup

here the first active RIS prototype working at mmWave
frequencies.

• We provide a performance comparison between passive
and active RIS. With the active RIS design, the results
show a significant enhancement in the received signal
power at the RX side.

II. ACTIVE RIS PATH LOSS MODEL

A path loss model for a passive RIS with rectangular
elements is considered in [3], [4] which we are extending to
the case of an active RIS. We are considering that there is no
direct link between TX and RX and there is a LoS channel
for the TX-RIS and the RIS-RX links. Therefore, the received
power PR can be written as:

PR = PT
GTGRISGRARIS�

2

64⇡3
⇥

�����

KX

k=1

p
F

c
k�k

r
T
kr

R
k

e

�j2⇡(rT
k+rR

k)

�

�����

2

(1)

where, PT is the transmit power, GT, GRIS and GR are the
respective transmit, RIS and receive gains, ARIS denotes a
single element area. K is the number of RIS elements, F

c
k

is the combined multiplication of the TX, RIS element k and
RX field patterns, �k is the reflection coefficient of a single
element and � is the transmitted signal wavelength. Finally,
r

T
k and r

R
k indicate the distance between the reflective element

k to the TX and to the RX, respectively.

III. ACTIVE RIS-AIDED WIRELESS COMMUNICATION
SIMULATION AND MEASUREMENT

In this section, we will analyze an active RIS-aided wireless
communication setup, where the transmitter and RIS are
installed on a fixed position and the receiver is dynamic and
can move around to evaluate the received signal at different
receiver positions. We will discuss the corresponding experi-
mental setup which is located inside an anechoic chamber. We
will present the fabricated active RIS and its characteristics,
and we will compare numerical simulation with measurement
results.

A. Active RIS Configuration and Experimental Setup

To test the RIS, we design a measurement setup which
allows to analyze the reflection properties of the RIS. Figure
1 shows a schematic of the measurement setup in the ane-
choic chamber, which includes the TX, RX, active RIS and
automatic motors for tilting and rotating the RIS. Incoming
and outgoing signal directions with respect to the RIS can
be set within a range of approximately ±45° of azimuth
(�) and elevation (✓) angles. Also, the polarization of the
incoming and the outgoing signal can be chosen arbitrarily
to be whether vertically (V) or horizontally (H) polarized. To
obtain the field pattern at the receiver, a careful orientation
and synchronization between TX, RIS and RX is necessary.
Therefore, the desired orientation of the RIS is set by a six-
axes positioning apparatus which is located in the ancheoic
chamber. The six-axes motor controller is connected to a
computer that automatically calculates the orientations and
sets the six motors. The coordinate transformations which are
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v H. Radpour, M. Hofer, D. Löschenbrand, L. W. Mayer, A. Hofmann, M. Schiefer, and T. Zemen, “Reconfigurable intelligent surface for indoor industrial 
automation: mmWave propagation measurement, simulation, and control algorithm requirements,“ in PIMRC, 2024, arXiv, submitted.
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(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 the point P1, we need to update the RIS setting every
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 every 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. 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 exceeded a specified
threshold. Our analysis of the received power pattern, based
on both simulations and measurements, revealed that the RIS
update rate must be four times higher for a mobile UE moving
in the azimuth direction compared to radial movement. The
results from both simulations and measurements demonstrated
that 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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Ø RIS update rate for motion in azimuth 
larger than in radial direction



Two-stage hybrid method
• CPU: Computation of intersection points
• GPU: Ray tracing for potential propagation paths

Image method for RIS reflections on environment

DIGITAL TWIN FOR REFLECTIVE SCENARIOS
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Ø Numerical digital twin is crucial for design/research of RIS control algorithms

SMALL SCALE FADING PATTERN 
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Target

(a) Measurements from [11].

Target

(b) Simulation in anechoic room.

Target

(c) Simulation with higher-order reflections.

Fig. 4: Received signal power Pr from an active RIS over a region in the xy plane, measured in a lab environment from [11] in
(a), simulated in an anechoic chamber (b), and simulated in a reflective environment (c). The RIS is configured to maximize
the received signal at r = (1.33, 0.23, 0.11).

B. Received Signal Power

The measurement from [11] and equivalent RT simulations
yield the received signal powers plotted in Fig. 4. The received
signal power is computed and plotted for every sampling point
in the defined range by applying (9) and (10) to every MPC
that arrives at the RX.

In Figs. 4a and 4b the signal power is plotted for the
measurement in a lab environment with suppressed reflections
and a simulation in an anechoic chamber, respectively. The RIS
placed at u = (0, 0, 0.5) is configured to reflect the signal to-
wards the RX at r = (1.33, 0.23, 0.11). The measured scenario
shows a dominant beam of approximately 0.5⇥ 0.15m, with
a received signal power from �60 to �55 dBm, and weaker
side lobes from �80 to �75 dBm. For a detailed description of
the measurement results, we refer to [11]. Simulation with the
RT achieves similar results, with a dominant beam centered
around the RX with signal power from approximately �60 to
�55 dBm over a 0.5 ⇥ 0.2m region, and weaker side lobes
�80 to �70 dBm.

The simulation considering reflections from the RIS up to
the second order generate the plot in Fig. 4c. The constructive
and destructive interference from reflected components is
evident, and comparison with Fig. 4b shows that reflected
propagation paths from the RIS to the RX have a large impact
on the received signal strength at several locations in the
considered range.

To visualize the small-scale fading pattern in more de-
tail, we performed a high-resolution simulation of a smaller
section of the xy plane, between 1.1  x  1.3m and
0.25  y  0.45m, as marked in Fig. 4c, with a sampling
distance of 2mm. The received signal power is plotted in
Fig. 5, clearly showing the small-scale fading with constructive

Fig. 5: High-resolution plot of received signal power Pr from
a RT simulation of an active RIS in a reflective environment,
considering direct and up to second order reflected signal
components from the RIS.

and destructive interference at approximately every �
2 . The re-

flections from the RIS can have a large impact on the received
signal power, showing the importance of considering them
for an accurate simulation of RISs, particularly in reflective
environments.

Accurate channel descriptions are essential for the develop-
ment of RIS control algorithms. Our RT can simulate realistic
and complex environments in which reflected components
from the RIS are considered, enabling the development of RIS

v S. Sandh, M. Radpour, B. Rainer, M. Hofer, and T. Zemen, „Ray tracing algorithm for reconfigurable intelligent surfaces,“ in PIMRC, 2024, submitted.



• First active RIS PoC for mmWave frequency band 

• Polarization transform to increase isolation between impinging and reflected wave

• Coarse quantization of RIS reflection state is sufficient for many applications

• Digital twin based on RT allows design of control algorithms for indoor environments

• RIS is a promissing technology for reliable indoor mmWave communication links.

CONCLUSION
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