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Abstract—In this study, we develop an active reconfigurable
intelligent surface (RIS)-assisted multiple-input multiple-output
orthogonal frequency division multiplexing (MIMO-OFDM) pro-
totype compliant with the 5G New Radio standard at 3.5 GHz.
The experimental results clearly indicate that active RIS plays a
vital role in enhancing MIMO performance, surpassing passive
RIS. Furthermore, when considering factors such as complexity,
energy consumption, and performance, the comparative evalua-
tion between passive RIS and active RIS reinforces the critical
role of active RIS in MIMO systems. These findings underscore
the practical significance of active RIS in improving MIMO gain
in 5G scenarios.

Index Terms—Reconfigurable intelligent surface (RIS), active
RIS, prototype, beamforming optimization.

I. INTRODUCTION

FUTURE wireless communication systems require ad-
vanced transceiver designs and support for dynamic wire-

less channel transformations. Reconfigurable Intelligent Sur-
faces (RIS) have emerged as a promising solution in achieving
this goal. Extensive prototypes and experiments have been
conducted in academia and industry, as evidenced by the
works [1–7]. Despite their potential, it is known that the
cascaded path loss of the RIS link can be approximated as
the product of the path losses of the transmitter-RIS link and
the RIS-receiver link, resulting in weaker multipath charac-
teristics compared to the direct link. Traditional approaches
involve equipping RIS with large reflecting elements, which
introduce challenges in terms of channel estimation and real-
time optimization of reflection coefficients [8]. To address
these challenges, the concept of active RIS has been proposed,
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Fig. 1. (a) Active RIS element and (b) its channel model.

enabling simultaneous signal reflection and amplification. Un-
like passive RIS systems, active RIS systems provide more
effective compensation for severe cascaded path loss [8–12].

So far, most RIS-assisted wireless communication proto-
types and measurements have focused on single-input single-
output (SISO) scenarios using horn antennas. This configura-
tion, primarily suitable for directional communications, does
not align with the more omnidirectional nature of practical
base station (BS) and smartphone form factors, especially for
Sub-6 GHz communications. There is a scarcity of information
available regarding RIS-aided multiple-input multiple-output
(MIMO) systems. This study aims to address this gap by
presenting the results of an experimental demonstration of
an active RIS-assisted MIMO-OFDM prototype operating at
3.5 GHz under the 5G New Radio (NR) standard. The key
contributions of this study are as follows:

• This study marks the first experimental development
of active RIS-assisted MIMO-OFDM within 5G NR,
providing insights into RIS implementation in MIMO
systems.

• We introduce a unified platform that implements var-
ious RIS-assisted MIMO control algorithms, such as
codebook-based, conditional sample mean (CSM) [6],
and blind greedy (BG) algorithms [7]. This platform fa-
cilitates real-world comparisons of different RIS-assisted
MIMO methodologies.

• We deliver a thorough evaluation comparing passive
and active RIS using different elements and algorithms.
This comparison elucidates the trade-offs in complexity,
energy consumption, and performance, offering insights
into the distinct features of these RIS technologies.

The experimental results highlight the greater potential of
active RIS over passive RIS, particularly in the context of
MIMO systems.
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II. DESIGN OF ACTIVE RIS
A. Active RIS Element

The structure of our “active RIS element,” as depicted in
Fig. 1(a), consists of a receive antenna (rRIS) and Nd transmit
antennas (tRIS). When an electromagnetic wave is incident
on the rRIS, it passes through a low-noise amplifier (LNA)
and an Nd-way power splitter (PS). Each of the Nd separated
paths is then individually adjusted by a digital phase shifter
(DPS) and subsequently radiated back into the air through the
Nd tRIS antennas. The rRIS and tRIS antennas are based on
patch antenna technology, similar to the approach described
in [7]. To mitigate self-interference, we used separate antennas
for tRIS and rRIS. The operating center frequency of our
system is 3.5 GHz. The DPS, MAPS-010144, is a 4-bit phase
shifter with 5 µW power consumption manufactured by M/A-
COM Technology Solutions Inc., capable of providing phase
shifts ranging from 0◦ to 360◦ in steps of 22.5◦. The LNA,
ZX60-83LN-S+, with a gain of approximately 20 dB and
300 mW power consumption, and the PS, ZB8PD-622-S+,
with 8 output ports, are sourced from Mini-Circuits Inc.

By excluding the rRIS and tRIS elements in Fig. 1(a), the
total transmission coefficient from the LNAs to the DPS can
be expressed as

Φ =
V +
ant

V −
ant

= Φlna · Φps · Φdps, (1)

where V +
ant and V −

ant ∈ C denote the signal traveling towards
and away from the antenna port, respectively, and Φlna, Φps,
Φdps ∈ C are the transmission coefficients of the LNA, PS,
and DPS, respectively. Our primary focus in this study is to
underscore the potential of active RIS-assisted MIMO-OFDM
systems through practical experimentation, emphasizing the
pivotal role of active RIS in MIMO systems. Consequently,
we did not implement the power adjustment function. For our
hardware components, the magnitude of Φ, without consider-
ing the loss of the connection line, provides approximately an
8 dB gain due to a 9 dB loss from the PS and a 3 dB loss
from the DPS, and the phase of Φ can be controlled by the
DPS.

B. System Model

Next, we present the system model with the active RIS,
aiming to introduce the corresponding performance metric of
interest. We consider a 5G NR-compatible OFDM system. We
model the channel on a per-subcarrier basis, considering the
number of antennas at the transmitter (Tx), denoted as Nt,
and at the receiver (Rx), denoted as Nr. In our designed
active RIS, we use Kris active RIS elements, resulting in
K = Kris × Nd antennas for the tRIS, as discussed in
Section II.A. Considering these factors, we can calculate the
total power consumption of the RIS as follows:

P = Kris × Plna +K × Pdps, (2)

where Plna and Pdps represent the static power consumed by
each LNA and DPS, respectively.

The transmit signal from the nt-th Tx antenna at one of the
subcarriers is represented as snt . The transmitted signal vector

can be denoted as s = [s1, . . . , sNt ]T . Following the approach
in [7], the channel frequency response (CFR) is modeled by
considering three types of paths in the RIS scenario:

• First, snt propagates through the line-of-sight (LoS) path
or paths that do not interact with the RIS.

• Second, when snt is received by the kr-th rRIS and
retransmitted by the kt-th tRIS, it undergoes propagation
via the antenna mode (AM) of the RIS path.

• Third, when snt impinges on the metal plate of the kr-th
rRIS or kt-th tRIS and generates reflected and scattered
signals towards the receiver, it experiences propagation
via the structural mode (SM) of the RIS path.

The channel model for the second and third types of paths is
illustrated in Fig. 1(b).

Consequently, the CFR of all paths at one of the subcarriers
for the MIMO system is formulate as H = Hlos+Ham+Hsm,
where Hlos, Ham, and Hsm correspond to the three types of
paths, respectively. To specify the AM of the RIS path, we use
Hr

am ∈ CNr×K and Ht
am ∈ CKris×Nt to denote the AM of

the RIS paths corresponding to the Rx and Tx, respectively.
Then, the AM of the RIS path can be expressed as:

Ham = Hr
am ·Φ ·

(
1Nd

⊗Ht
am

)
, (3)

where Φ = diag(Φ1, . . . ,ΦK) with Φk representing the total
transmission coefficient of the k-th tRIS element as described
in (1), and 1Nd

represents an all-ones vector with Nd dimen-
sions. If Nd = 1, (3) simplifies to the common case of one
rRIS paired with one tRIS. Given the CFR and the signal
paths, the received signal at the MIMO receiver is given by
[10]:

y = Hs+Hr
amΦv + z, (4)

where v ∼ CN (0K , σ2
vIK) and z ∼ CN (0Nr , σ

2
zINr) rep-

resent the noise introduced by the active RIS and the Rx,
respectively.

Since v undergoes transmission through the MIMO channel,
nd ≜ Hr

amΦv represents the colored noise. The total noise
covariance matrix, denoted as n ≜ nd + z, can be written
as Rn = E{nnH} = Rv + σ2

zINr , where Rv represents
the covariance matrix of nd. To simplify system performance
derivations, we multiply y by R

−1/2
n to whiten n, resulting in

ỹ = R−1/2
n Hs+R−1/2

n n = H̃s+ ñ, (5)

with H̃ ≜ R
−1/2
n H , ñ ≜ R

−1/2
n n, and ñ ∼ CN (0Nr

, INr
).

Assuming that the transmission power for each Tx antenna
is 1, the MIMO channel capacity and the SNR at one of the
subcarriers after whitening the noise are defined as follows:

C = log2 det
(
INr

+ H̃H̃H
)
, (6a)

SNR = tr(H̃H̃H)/Nr. (6b)

In addition to capacity and SNR, the bit error rate (BER)
is also of interest. To evaluate this metric, we employ the
expectation propagation-based (EP) MIMO detector [13] for
both simulations and experiments.

For the simulations, we generate the elements of all the
channel matrices, including Hlos, Hsm, Hr

am, and Hr
am, based

on the 3GPP spatial channel model (SCM) with antenna and
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Fig. 2. (a) Prototype of the 4T4R MIMO-OFDM system with assistance from
a 4× 4 active RIS array. Experimental setups: (b) with LoS and (c) without
LoS.

polarization effects [7]. For the experiments, we have devel-
oped a prototype that is described in detail in the following
subsection. This prototype allows us to validate the mentioned
metrics through real-world scenarios.

C. Active RIS-Assisted MIMO System

In this subsection, we present the prototype of our active
RIS-assisted 4T4R MIMO-OFDM system, as depicted in
Fig. 2(a), which can be categorized into three components:
the transmitter (Tx), RIS, and receiver (Rx).

For the Tx, we transmit four-stream 5G OFDM signals in
the 3.45-3.55 GHz band over the air. For our setup, we employ
four one-port R&S vector signal generators, specifically the
SGT100A model, which are connected to four transmit patch
antennas. These antennas are positioned at intervals of half the
wavelength corresponding to the 3.5 GHz frequency.

The RIS employs a 4× 4 active RIS array, with an antenna
structure similar to [7]. The detailed structure of each active
RIS element is described in Section II-A. We use a DE10-Nano
Kit, based on a Cyclone V SoC FPGA, as the RIS controller.

For the Rx, we receive the 5G signals using four mobile
antennas, which are downconverted to the baseband using a
four-port R&S digital oscilloscope, specifically the RTP164.
The baseband signals are processed using a C program on a
personal computer. Communication between the computer and
the RIS controller takes place via a half-duplex Bluetooth con-
nection, enabling the determination of the controlling strategy.

The framework of our MIMO-OFDM system in the base-
band is as follows. The encoded data is converted to four-
stream 5G signals using OFDM modulation. We utilize a
bandwidth of 100 MHz with a subcarrier spacing of 60 kHz.
The signals are subsequently upconverted to the 3.5 GHz
band and transmitted. The receiver downconverts the received
signals to the baseband, and synchronization is performed us-
ing 5G synchronization signal blocks. By performing channel
estimation, we can calculate the capacity (6a) and SNR (6b)
of the 4T4R MIMO-OFDM system. After performing the EP
MIMO detector, we obtain the uncoded BER. Note that our
system adheres to the 5G NR standards, so the experimental
performance and properties of the active RIS-assisted MIMO-
OFDM system can be referenced in the context of 5G com-
munications.

III. PROOF OF CONCEPT AND PERFORMANCE EVALUATION

A. Controlling Algorithms

To control the RIS, we employ the BG algorithm [7], which
consists of two main steps: Random-Max Sampling (RMS)

RMS GS Max. Min.
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Fig. 3. State evolution of the controlling process using BG for: (a) passive
RIS in a 1T4R OFDM system, (b) passive RIS in a 4T4R MIMO-OFDM
system, and (c) active RIS in a 4T4R MIMO-OFDM system.

and Greedy Searching (GS). In RMS, a few codewords are
drawn uniformly from an exhaustive codebook, and the best
codeword is selected as the initial stage for the subsequent
GS step. In GS, a progressive search is performed from the
exhaustive states of each phase shifter, iterating through all
the RIS elements. Instead of selecting the best received signal
quality as in [7], we choose the RIS’s state corresponding to
the highest channel capacity in (6a) using the greedy method.
The complexity of BG is represented as O(KM), where K
represents the number of DPS, and M is the number of phase
selections available for each DPS.

In addition to BG, we consider two other controlling algo-
rithms for comparison. The first algorithm is CSM [6], which
involves drawing uniformly from an exhaustive codebook and
determining the RIS’s state based on the phase expectation
of each RIS element. We set the number of CSM’s random
samples to be 8 times the number of RIS elements.

The second algorithm is the conventional codebook-based
algorithm, named the maximum-power codebook (MPC),
which relies on the determined beam from the RIS. In MPC,
we replace the Tx and Rx antennas in Fig. 2(b) with single
horn antennas. With the RIS located at the center of the half
circle with a radius of 2 m, we determine the RIS’s codebooks
by applying BG with the SNR in the SISO system to the
Rx antenna locations along the half circle spaced by 5◦. The
determined codebooks, corresponding to different directions
of RIS beams, are then utilized by MPC to select the best
capacity among them in the MIMO system.

Note that the best RIS codeword in all the mentioned
algorithms is determined by probing the capacity performance
based on a set of codewords, and they do not require ex-
plicit channel matrix information. The performance of these
algorithms depends on the number of probes, where a higher
number of probes generally yields better performance. There-
fore, their performances should be compared under the same
number of probes.

B. Experiments

We performed experimental measurements in an open area
of the NSYSU Electrical and Computer (EC) Eng. Building
to assess our active RIS-assisted MIMO-OFDM system. The
experimental setup is illustrated in Figs. 2(b) and 2(c). In this
setup, the RIS was positioned 1.5 m away from the Rx and 2
m from the Tx. We examined two scenarios: the first where
the LoS path was obstructed by a metal cabinet, as shown
in Fig. 2(c), and the second where the LoS path remained
unblocked, as depicted in Fig. 2(b).
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TABLE I
COMPARISON OF 4T4R MIMO SYSTEM IN THE DIFFERENT CASES.

Case
(64 QAM, w/o LoS) (256 QAM, with LoS)

w/o (Passive, BG) (Active, BG) (Active, MPC) w/o (Active, BG)
RIS Initial Best Diff. Initial Best Diff. Best Diff. RIS Initial Best Diff.

SNR (dB) 18.23 18.55 18.88 0.45 21.40 22.93 1.61 22.01 1.29 24.40 25.10 25.26 0.21
Capacity (bps/Hz) 17.82 18.37 18.91 0.60 21.98 22.68 1.27 22.10 0.91 24.36 28.74 30.05 1.59
Uncoded BER 0.093 0.088 0.074 0.016 0.048 0.029 0.032 0.036 0.039 0.095 0.046 0.024 0.029
SE (bps/Hz) - † - - - 18.76 19.13 - 18.97 - - 25.05 25.64 -
† If an uncoded BER is greater than 5e-2, SE will not be considered.

To analyze the difference between passive RIS and active
RIS in the BG optimization process, we present the state
evolution of the controlling process in both the SIMO (1T4R)
and MIMO (4T4R) systems in Fig. 3. Two levels of phase shift
were chosen. The structure of the passive RIS was the same
as described in [7]. In the SIMO system with the passive RIS,
the capacity, as depicted in Fig. 3(a), undergoes significant
changes during RMS and shows a smooth increase during
GS. However, in the MIMO system with the passive RIS, the
capacity gain during GS, as shown in Fig. 3(b), is minimal.
In contrast, when the passive RIS is replaced by the active
RIS in the same scenario, the capacity gain during GS, as
shown in Fig. 3(c), becomes more pronounced due to the use
of amplifiers.

Furthermore, we compare the overall performance of the
passive RIS and active RIS with and without the LoS path in
Table I.The SNR indicates the quality of the received signal.
In the contexts of SISO and SIMO, a higher SNR typically
translates to a greater system throughput or spectral efficiency.
However, in MIMO scenarios, SNR is not the sole determinant
of system throughput. The conditions of the channel rank
play a significant role as well. This leads us to consider
channel capacity, which represents the maximum theoretical
transmission data rate. To get a more comprehensive view of
system performance, we also examine the BER which offers a
direct measure of the system throughput for the entire design,
encompassing all associated impairment losses. Our target
is to achieve an uncoded BER of 5e-2, as a decoded BER
using LDPC coding with a 1/2 code rate can approach 0 with
this uncoded BER. To analyze the optimization process, we
consider three types of RIS states, shown in Table I. The first
type is the initial state before applying BG. The second type
is the final state after BG, which corresponds to the best state
of the RIS. The third type represents the difference between
the best and worst states of the RIS encountered during BG,
which reflects the RIS’s control ability. The performance of
the initial RIS state falls between the performance of the best
and worst RIS states.

In all cases without RIS, communication is not supported as
the uncoded BER exceeds 5e-2. In the case without LoS, the
passive RIS is not suitable for the MIMO-OFDM system as
the performance gain is weak. However, even with the active
RIS in the initial state, the performance gain is significant,
and the BER can be reduced below 5e-2. Moreover, the
improved controlling ability allows the MIMO-OFDM system
to be more robust in different environmental conditions. To
analyze the effect of multipath, we compare BG with MPC,
as MPC is similar to using RIS with beamforming techniques.
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The performance of MPC is worse than that of BG, and
the final codebook of MPC corresponds to a different beam
expectation, specifically 45◦ instead of 30◦ in Fig. 2. This
result indicates that considering the role of the RIS as a single-
path assistance in MIMO scenario may not be appropriate.
Finally, the controlling ability of SNR in the case with LoS
(0.21 dB Diff.) is noticeably worse than that in the case without
LoS (1.61 dB Diff.), as the SNR without RIS in the LoS
case is much better than without RIS in the non-LoS case.
However, the active RIS maintains significant control over
capacity, demonstrating its capability to enhance the multipath
channel.

C. Simulations

To further analyze the properties of the RIS-assisted MIMO
system, simulations are conducted using Wireless Insite®

software, which incorporates the obtained channel impulse
response into the channel model. The simulation environment,
shown in Fig. 4(a), represents a scenario similar to the experi-
ment described in Section III.B. The system also corresponds
to the 5G NR 4T8R MIMO-OFDM system, with Tx antennas
oriented along the x-axis and RIS antennas facing along the
y-axis. Four levels of phase shift were considered.

First, to assess the impact of active RIS placement on
MIMO system performance, we conducted simulations with
a 2 × 2 active RIS with 18 dB power gain in Figs. 4(b)
and 4(c) and 16 × 16 passive RIS in Figs. 4(d) and 4(e),
positioned at two distinct coordinates. We observed the most
substantial system performance enhancement when the RIS
was situated as in Figs. 4(b) and (d). Positions shown in
Figs. 4(c) and (e) yielded the least optimal results. This
suggests that the performance gains offered by both active
and passive RIS are influenced by their distance from the BS.
Nearer placements prove to be more beneficial.1

Next, we discuss the performance inferences due to the
size of the RIS array and the amplification gain Φ in (1).

1For optimal wireless power transfer, [11] posits a different view, suggesting
that the active RIS should be positioned closest to the receiver.
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We utilized the 68% inverse cumulative distribution function
(ICDF) to quantify the capacity improvement brought about
by the RIS in the testing area depicted by the red frame in
Fig. 4(a). In Fig. 5(a), the capacity increase achieved by BG
is compared when using variable amplification gain Φk to
each RIS element. Interestingly, by doubling the dimensions
of the RIS array, we achieve performance akin to adding a 6
dB transmission gain, attributed to the increased number of
RIS elements. Specifically, to achieve an equivalent capacity
increase to that of a 16 × 16 passive RIS, the 2 × 2, 4 × 4,
and 8 × 8 active RISs require power gains of 18 dB, 12
dB, and 6 dB, respectively. These gains correspond to power
consumptions of 189 mW, 47.5 mW, and 12 mW, which all
larger than the 1.28 mW of the 16×16 passive RIS. However,
these active RIS configurations necessitate only 1/64, 1/16, and
1/4 of the complexity inherent in a 16×16 passive RIS. Such a
decrease in complexity impacts the number of probes, thereby
influencing the optimization time. Consequently, while active
RIS configurations offer faster optimization times, they are
less energy efficient than passive RIS. It appears a trade-off
between the energy efficiency and the optimization time.

To further analyze the optimization efficiency for different
controlling algorithms, we consider their probe numbers and
capacity increase. The results for passive and active RIS arrays
of different sizes are shown in Figs. 5(b) and 5(c), respectively.
The probe number is represented using a base-4 logarithm, and
the maximum number of probes depends on the number of RIS
elements. In the figure, a larger value on the x-axis indicates
a longer searching time, while a larger value on the y-axis
represents higher algorithm performance. Therefore, the most
efficient algorithm should ideally appear in the top-left corner,
where it achieves high performance with a short search time.

For the passive RIS, as the RIS array size increases, the
capacity growth for MPC is notably smaller than for other al-
gorithms, even though its number of probes remains constant.
Additionally, CSM requires a larger number of random probes
to achieve good performance, resulting in higher complexity
compared to the other algorithms. Indeed, none of the algo-
rithms reside in the top-left corner, indicating inefficiency with
passive RIS.

Regarding the active RIS, we impose a restriction on the
sum of the total transmission gains, limiting it to 36 dB. As

such, the amplification gains for a 2× 2 RIS element and a
16× 16 RIS element are 30 dB and 12 dB, respectively. As
the number of RIS elements increases, the capacity increase
achieved by MPC diminishes. This outcome suggests that rely-
ing solely on the conventional beamforming-based codebook,
which focuses only on optimizing a single path, does not
adequately support the MIMO system. These findings align
with the experimental results presented in Table I. Moreover,
small active RISs, which belong to the top-left corner of the
performance plot, prove to be an efficient choice in the context
of the MIMO system.

IV. CONCLUSION

This study presented the first experimental development of
an active RIS-assisted MIMO-OFDM system in the 5G NR
context, utilizing practical BS and smartphone form factors.
Our results underscored the pivotal role of active RIS in
enhancing MIMO systems. Nevertheless, a trade-off between
energy efficiency and optimization time became evident. We
also demonstrated that the conventional beamforming-based
codebook falls short in supporting the MIMO system effec-
tively. Among the algorithms evaluated, BG exhibited superior
optimization efficiency, especially in terms of probe numbers
and capacity increase. The quest for a more intelligent control-
ling algorithm for MIMO systems remains a critical challenge.
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