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STAR: Simultaneous Transmission And Reflection
for 360◦ Coverage by Intelligent Surfaces
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Abstract—A novel simultaneously transmitting and reflecting
(STAR) system design relying on reconfigurable intelligent sur-
faces (RISs) is conceived. First, an existing prototype is reviewed
and the potential benefits of STAR-RISs are discussed. Then, the
key differences between conventional reflecting-only RISs and
STAR-RISs are identified from the perspectives of hardware
design, physics principles, and communication system design.
Furthermore, the basic signal model of STAR-RISs is introduced,
and three practical protocols are proposed for their operation,
namely energy splitting, mode switching, and time switching.
Based on the proposed protocols, a range of promising application
scenarios are put forward for integrating STAR-RISs into next-
generation wireless networks. By considering the downlink of a
typical RIS-aided multiple-input single-output (MISO) system,
numerical case studies are provided for revealing the superiority
of STAR-RISs over conventional RISs, when employing the
proposed protocols. Finally, several open research problems are
discussed.

I. INTRODUCTION

With the rapid development of metasurfaces and the cor-
responding fabrication technologies, reconfigurable intelligent
surfaces (RISs) and their diverse variants [1–4] have emerged
as promising techniques for sixth-generation (6G) wireless
networks. Generally speaking, RISs are two-dimensional (2D)
structures and are comprised of a large number of low-cost re-
configurable elements. By employing a smart controller (e.g.,
a field-programmable gate array (FPGA)) attached to the RIS,
both the phase and even the amplitude of these reconfigurable
elements can be beneficially controlled, thus reconfiguring
the propagation of the incident wireless signals and realizing
a “Smart Radio Environment (SRE)” [1, 2]. Since no radio
frequency (RF) chains are required, RISs are more economical
and environmentally friendly than the family of conventional
multi-antenna and relaying technologies. Given these bene-
ficial RIS characteristics, extensive industrial and academic
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research efforts have been devoted to the investigation of RISs,
including but not limited to the design of energy efficient
communication [5], the mitigation of blockages in millimeter
wave (mmWave)/terahertz (THz) communications [6], and
their artificial intelligence (AI) aided implementation [7].

However, the existing contributions mainly focus on RISs
whose only function is to reflect an incident signal, hence
both the source and the destination have to be at the same
side of the RISs [5–7], i.e., within the same half-space of
the SRE. Unfortunately, this topological constraint limits the
flexibility of employing conventional RISs. To address this
issue, we advocate the concept of simultaneously transmitting
and reflecting RISs (STAR-RISs)1, where the incident wireless
signals can be reflected within the half-space of the SRE at
the same side of the RIS, but they can also be transmitted to
the other side of the RIS. As a result, a full-space SRE can
be created by STAR-RISs.

A. From Conventional Reflecting-Only RISs to STAR-RISs: A
Prototype

We commence by providing a brief introduction to three
types of signal propagation, namely full reflection, full trans-
mission, as well as simultaneous transmission and reflection,
based on a prototype developed by researchers from NTT
DOCOMO, Japan [9]. Fig. 1(a) depicts NTT DOCOMO’s
prototype, where a metasurface is covered by a transparent
substrate made of glass. By modifying the distance between
the metasurface and the transparent substrate, the aforemen-
tioned three types of signal propagation can be achieved [9], as
shown in Figs. 1(b)-1(d). For the full reflection scenario of Fig.
1(b), the incident signals are completely reflected and cannot
penetrate the surface. This type of wireless signal manipulation
is widely investigated for conventional reflecting-only RISs.
By contrast, for the full transmission scenario of Fig. 1(c), all
incident signals pass through the surface into the transmission
space, while no signal is reflected. Finally, for the simultaneous
transmission and reflection scenario of Fig. 1(d), the incident
signals are divided into two parts by the surface. Part of the
signal is reflected to the reflection space, while the remaining
part is radiated into the transmission space, thus facilitating
the full-space manipulation of signal propagation.

1STAR-RISs were termed as simultaneously refracting and reflecting RISs
(SRAR-RISs) in our previous work [8]. Since “transmitting” and “refracting”
have the same meaning from a physical perspective, we use “transmitting” in
the rest of the article for convenience.
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Fig. 1. Illustration of signal propagation types of STAR-RISs. (a) NTT DOCOMO’s prototype (photo: NTT DOCOMO) c© CCBY [9], (b) full reflection
(conventional reflecting-only RIS), (c) full transmission, (d) simultaneous transmission and reflection.

B. Key Advantages and Motivations for Employing STAR-RISs
in Wireless Communication Systems

Considering the above unique features, the employment of
STAR-RISs has the following advantages in wireless com-
munication systems: 1) Thanks to their capability of simul-
taneously transmitting and reflecting the incident signals, the
coverage of STAR-RISs is extended to the entire space, thus
serving both half-spaces using a single RIS, which is not
possible for conventional reflecting-only RISs. 2) STAR-RISs
provide enhanced degrees-of-freedom (DoFs) for signal prop-
agation manipulation, which significantly increases the design
flexibility in satisfying stringent communication requirements.
3) Since STAR-RISs are generally designed to be optically
transparent [9], they are aesthetically pleasing and readily
compatible with existing building structures, such as windows.
Therefore, STAR-RISs will have no undesired aesthetic effect,
which is of vital importance for practical implementations.

Note that the joint manipulation of transmission and re-
flection is not a completely new idea, especially from the
perspectives of the physics and metasurface technology. Apart
from the above NTT DOCOMO prototype [9], the suthors
of [10, 11] have also proposed concepts similar to ‘STAR’ [8].
In [10], the authors reported frequency-selective refection and
transmission of signals by using a dual-band bi-functional
metasurface structure. The authors of [11] proposed an intel-
ligent omni-surface (IOS), where the signals transmitted and
reflected by an IOS element are adjusted via a common phase
shift. For the STAR-RISs considered, the transmitted and
reflected signals can be simultaneously reconfigured by each
element via two generally independent coefficients, namely
the transmission and reflection coefficients [8]. This distinct
characteristic facilitates the flexible design of STAR-RIS-aided
wireless networks. However, the wireless communication de-
sign of STAR-RISs is still in its infancy. This motivates us
to provide a systematic introduction to STAR-RISs, including
their fundamental differences wrt conventional reflecting-only
RISs, the basic signal model and practical operating protocols
for STAR-RISs, complemented by their promising application
scenarios and their performance evaluation.

The main contributions of this article can be summarized
as follows.

• The differences between conventional reflecting-only
RISs and STAR-RISs are identified from the perspectives
of hardware design, physics principles, and communi-
cation system design. In particular, the importance of

exploiting both the electric and magnetic properties for
achieving ‘STAR’ is highlighted.

• A basic signal model for incorporating STAR-RISs in
wireless communications is introduced and three practical
protocols for operating STAR-RISs, namely energy split-
ting (ES), mode switching (MS), and time switching (TS),
are presented along with their benefits and drawbacks.

• A range of promising application scenarios of STAR-RISs
in wireless networks are proposed both in outdoor and
indoor environments.

• The performance of STAR-RISs for different operating
protocols is studied and compared with that of conven-
tional RISs in a downlink multiple-input single-output
(MISO) system for both unicast and multicast scenarios.

II. KEY DIFFERENCES BETWEEN REFLECTING-ONLY RISS
AND STAR-RISS

In this section, we discuss the key differences between
conventional reflecting-only RISs and the proposed STAR-
RISs from their hardware design, physics principles, and
communication system design perspectives, respectively. We
highlight that STAR-RISs rely on substrates, which are trans-
parent at radio frequency and have elements, which support
magnetic currents. These structural properties allow STAR-
RISs to achieve simultaneous and independent control of their
transmission and reflection coefficients.

A. Hardware Design Differences

Reflecting-only RISs and STAR-RISs are different both in
terms of their equipped elements and substrates. The fol-
lowing analogy illustrates the structural differences between
reflecting-only RISs and STAR-RISs. For reflecting-only RISs,
the reconfigurable elements on the substrate are like biscuits
placed on a metal plate, as illustrated in Fig. 2(a), while, for
STAR-RISs, the reconfigurable elements are like ice cubes
in a glass of water, as illustrated in Fig. 2(b). To elaborate,
the substrates of reflecting-only RISs are opaque for wireless
signals at their operating frequency. The opaque substrate
serves as a bed, on which the tunable elements are integrated.
It also prevents the wireless signals from penetrating the
RIS so that no energy is leaked into the space behind the
RIS. By contrast, the substrates of STAR-RISs have to be
transparent for wireless signals at their operating frequency.
Naturally, upon facilitating simultaneous transmission and
reflection, STAR-RISs require a more complex design, since
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Fig. 2. Conceptual comparison between reflecting-only RISs and STAR-RISs.

their elements have to support both electric and magnetic
currents. Consequently, these elements have to be thicker than
those of conventional reflecting-only RISs [12].

B. Physics Principles Differences

Again, compared to conventional reflecting-only RISs,
STAR-RISs must have elements, which support both electric
polarization currents Jp and magnetization currents Jb [13,
14]. The physical principles behind STAR-RISs can be sum-
marized in three steps, namely induction, production, and
radiation, as illustrated in Fig. 2.

• Firstly, the elements are polarized by the incident field.
The patch-elements of pure reflecting RISs only respond
to the electric component of the incident field and a
polarization density P is induced. By contrast, the el-
ements of STAR-RISs respond to both the electric and
magnetic components of the incident field. Hence, both
a polarization density P and a magnetization density
M are induced. The strengths of the polarization and
magnetization densities depend on the electric suscepti-
bility χe and magnetic susceptibility χm, respectively.
The tunable parameters of the elements can be used to
adjust the values of these susceptibilities within a certain
quantization error.

• Secondly, the oscillating polarization and magnetization
densities produce time-varying electric polarization and
magnetization currents on the surface, respectively.

• Lastly, these time-varying currents radiate both the trans-
mitted and reflected fields back into free-space, producing
phase differences between the incident field and the
transmitted or reflected fields.

As illustrated in Fig. 2(a), reflecting-only RISs having non-
magnetic elements can only support surface electric polariza-
tion currents. If the elements consist of only single-layered
metallic scatters (not considering the substrate), the radiated

fields on both sides of the RIS are identical [15]. Thus, this
symmetry limitation of non-magnetic RISs does not facilitate
the independent control of the transmitted and reflected sig-
nals. On the contrary, by also supporting magnetic currents,
STAR-RISs break this symmetry limitation and can achieve
simultaneous control of both the transmitted and reflected
signals [14]. As illustrated in Fig. 2(b), assuming the electric
and magnetic susceptibilities of each element are constant, the
magnetization density M introduces extra DoFs by enabling
the independent adjustment of the phase shift for transmission.

C. Communication System Design Differences

From the perspective of communication system design, the
benefits of supporting surface magnetic currents in STAR-RISs
can be exploited as follows.

• Adjustable energy ratio: The amplitudes of the transmit-
ted and reflected waves of each STAR-RIS element can
be dynamically adjusted, respectively. Since the overall
energy of the transmitted and reflected signals are the
magnitudes of the complex-valued sum of the contri-
butions of all elements, the energy ratio between the
transmitted and reflected signals can be controlled.

• Independent beamforming: Again, the introduction of
surface magnetic currents enables independent phase shift
control for transmitted and reflected signals. As a result,
STAR-RISs allow independent transmission and reflec-
tion beamforming for the two half-spaces, thus improving
the flexibility of communication system design.

III. BASIC SIGNAL MODEL AND PRACTICAL OPERATING
PROTOCOLS

In this section, we introduce the basic signal model for
STAR-RISs, and then propose three practical operating proto-
cols for integrating STAR-RISs into wireless communication
systems, while identifying their respective advantages and
disadvantages.

A. Basic Signal Model

As discussed in the previous section, STAR-RISs are ca-
pable of independently controlling the transmitted and re-
flected signals, which introduces additional DoFs that can be
exploited. To characterize this unique feature, for a STAR-
RIS having M elements, let sm denote the signal incident
upon the mth element. After being reconfigured by the corre-
sponding transmission and reflection coefficients, the signals
transmitted and reflected by the mth element are given by(√

βtme
jθtm

)
sm and

(√
βrme

jθrm
)
sm, respectively. In particu-

lar,
√
βtm,

√
βrm ∈ [0, 1] and θtm, θ

r
m ∈ [0, 2π) characterize the

amplitude and phase shift adjustments imposed on the incident
signal facilitated by the mth element during transmission
and reflection, respectively. The adjustments of the phase
shifts for transmission and reflection can be generally chosen
independent of each other [8]. However, the transmission and
reflection amplitude coefficients must obey the law of energy
conservation, i.e., the sum of the energies of the transmitted
and reflected signals has to be equal to the incident signal’s
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energy, which leads to the sum of βtm and βrm should be
equal to one [8]. Accordingly, by adjusting the amplitude
coefficients for transmission and reflection, each STAR-RIS
element can be operated in full transmission mode (referred to
as T mode), full reflection mode (referred to as R mode), and
simultaneous transmission and reflection mode (referred to as
T&R mode). Based on the above basic signal model of STAR-
RISs, in the following, we propose three practical protocols
for operating STAR-RISs in wireless networks, namely energy
splitting (ES), mode switching (MS), and time switching (TS),
as illustrated in Fig. 3.

B. Energy Splitting

For ES, all elements of the STAR-RIS are assumed to
operate in T&R mode, as shown in Fig. 3(a). For given
transmission and reflection amplitude coefficients, the sig-
nals incident upon each element are split into transmitted
and reflected signals having different energy. In a practical
implementation, the amplitude and phase shift coefficients of
each element for transmission and reflection can be jointly
optimized for achieving diverse design objectives in wireless
networks.

C. Mode Switching

In MS, all elements of the STAR-RIS are partitioned into
two groups. Specifically, one group contains the elements that
operate in T mode, while the other group contains the elements
operating in R mode. As shown in Fig. 3(b), an MS STAR-
RIS can be viewed as being composed of a conventional
reflecting-only RIS and a transmitting-only RIS of reduced
sizes. For this protocol, the element-wise mode selection
and the corresponding transmission and reflection phase shift
coefficients can be jointly optimized. The resulting “on-off”
type of protocol (i.e., transmission or reflection) makes the
MS protocol easy to implement. However, the drawback is
that the MS protocol generally cannot match the transmission
and reflection gain of the ES protocol, since only a subset
of the elements are selected for transmission and reflection,
respectively.

D. Time Switching

By contrast, the STAR-RIS employing the TS protocol
periodically switches all elements between the T mode and
R mode in orthogonal time slots (referred to as T period and
R period), as illustrated in Fig. 3(c). This is like switching
“venetian blinds” in different time slots. The fraction of time
allocated to fully transmitting and fully reflecting signals can
be optimized to strike a balance between the communication
qualities of the front and back sides. Compared to the ES
and MS protocols, the advantage of TS is that, for a given
time allocation, the transmission and reflection coefficients
are not coupled, hence they can be optimized independently.
Nevertheless, periodically switching the elements imposes
stringent time synchronization requirements, thus increasing
the implementation complexity compared to the ES and MS
protocols.

In Table I, we summarize the unique ES, MS, and TS
optimization variables, and identify their respective advantages
and disadvantages.

IV. PROMISING APPLICATIONS OF STAR-RISS IN 6G

Having presented practical protocols for operating STAR-
RISs, in this section, we discuss several attractive applications
of STAR-RISs in next-generation networks for both outdoor
and indoor environments, as illustrated in Fig. 4.

A. Outdoor, Outdoor-Indoor, and Indoor Coverage Extension

One of the most promising applications of STAR-RISs is
to improve the coverage area/quality of wireless networks,
especially when the links between the base stations (BSs)
or access points (APs) and users are severely blocked by
obstacles (e.g., trees along roads, buildings, and metallic shells
of vehicles). As shown at the top right of Fig. 4, STAR-RIS-
aided coverage extension can be loosely divided into three
scenarios, namely outdoor, outdoor-to-indoor, and indoor.

In outdoor communications, similar to conventional
reflecting-only RISs, STAR-RISs can be mounted on build-
ing facades and roadside billboards to create an additional
communication link. More innovatively, STAR-RISs can also
be accommodated by the windows of vehicles (e.g., cars,
aircraft, and cruise ships) to enhance the signal strength
received inside by exploiting their transmission capability,
thus extending the coverage area/quality of BSs and satellites.
For outdoor-to-indoor communications, the severe penetration
loss caused by building walls gravely restricts the coverage
provided by outdoor BSs, especially in mmWave and THz
communications. In fact, STAR-RISs constitute an efficient
technique for creating an outdoor-to-indoor bridge as illus-
trated in Fig. 4. For indoor communications, STAR-RISs are
more appealing than conventional reflecting-only RISs. As
conventional reflecting-only RISs merely achieve half-space
coverage, the signals emerging from the AP may require
multi-hop bounces for reaching the target user. However, by
exploiting both transmission and reflection, the resultant full-
space coverage may reduce the propagation distance, thus
increasing the received signal power. An example, where
conventional reflecting-only RISs require two hops, whereas
the STAR-RIS needs only a single hop, is illustrated at middle
right of Fig. 4. In a nut shell, STAR-RISs substantially out-
perform conventional reflecting-only RISs, since they do not
only possess the same capabilities as conventional reflecting-
only RISs but also support additional design options due to
their transmission capability. Depending on the application
scenarios, transmission and reflection can be suitably adjusted
by employing the three operating protocols proposed in the
previous section.

B. Transmission-Reflection NOMA

Non-orthogonal multiple access (NOMA) is a promising
next-generation candidate facilitating flexible resource alloca-
tion, high spectrum efficiency, and supporting massive con-
nectivity. For NOMA to achieve a large performance gain
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Fig. 3. Illustration of three practical protocols for operating STAR-RISs.

TABLE I
SUMMARY OF PROPOSED PROTOCOLS FOR OPERATING STAR-RISS

Protocols Optimization Variables Advantages Disadvantages

ES
• Amplitude and phase shift coefficients of each element

for transmission and reflection High flexibility Large number of design variables

MS
• Mode selection of each element
• Transmission phase shift coefficients for T mode elements
• Reflection phase shift coefficients for R mode elements

Easy to implement Reduced transmission and reflection gain

TS
• Time allocation
• Transmission phase shift coefficients of each element during T period
• Reflection phase shift coefficients of each element during R period

Independent T and R design High hardware implementation complexity
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Fig. 4. Illustration of application scenarios of STAR-RISs in wireless communications for outdoor and indoor environments.

over orthogonal multiple access (OMA), it is important to
pair users having different channel conditions. However, for
conventional reflecting-only RISs, the benefits of NOMA
may not be fully reaped since the channel conditions of
users in the local reflected space are generally similar. Ex-
ploiting STAR-RISs enables a novel communication frame-
work, namely transmission-reflection NOMA, where a pair
of users at the transmission- and reflection-oriented side can
be grouped together for facilitating NOMA. For example,
as shown at the bottom left of Fig. 4, the users receiving
the reflected and transmitted signals can be a high-data rate
video-streaming user and a low-data rate Internet-of-Things
(IoT) user, respectively. By carefully optimizing the element-

based energy splitting ratio of the proposed ES protocol or
the element-based mode selection of the proposed MS pro-
tocol, sufficiently different transmitted and reflected channel
conditions can be achieved. As a result, the proposed STAR-
RIS-aided transmission-reflection NOMA framework is well
suited to support the heterogenous quality-of-service (QoS)
requirements of the two types of users.

C. Coordinated Multi-Point Communication via Transmission
and Reflection

For realistic multi-cell communication networks, the per-
formance of cell-edge users cannot be guaranteed due to the
strong inter-cell interference. Coordinated multi-point (CoMP)
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communication efficiently mitigates the inter-cell interference.
In the middle left of Fig. 4, a beneficial STAR-RIS-aided
CoMP scenario is presented. In particular, several multiple-
antenna BSs are employed for cooperatively supporting a
cell-edge user, referred to as CoMP-user. Additionally, each
BS serves an additional cell-center user, referred to as non-
CoMP-user. A STAR-RIS is deployed in each cell where the
CoMP-user is located in the transmission half-space while the
non-CoMP-user is located in the reflection half-space. The
advantages of this implementation are that, on the one hand,
the received signal-to-interference-plus-noise ratio (SINR) of
the CoMP-user can be enhanced through the design of the
cooperative transmission coefficients of all STAR-RISs, while
on the other hand, the reflection coefficients of each STAR-
RIS can be optimized for mitigating the intra-cell interference
received from the cell-edge user at each non-CoMP-user.

D. Full-space Physical Layer Security

RISs are also capable of improving the physical layer
security (PLS), where the channel conditions of the eavesdrop-
pers can be degraded by degrading their signal propagation.
However, for conventional reflecting-only RISs aided secure
communication, the legitimate users and eavesdroppers are
assumed to be located at the same side of the RISs, even
though this idealized simplifying assumption may not hold in
practice. Fortunately, STAR-RISs come to the rescue. Observe
at the top left of Fig. 4, with the assistance of full-space
STAR-RIS propagation, PLS can be enhanced, regardless of
the eavesdropper location.

E. Indoor Localization and Sensing

By overcoming signal blockages and providing full-space
coverage, STAR-RISs are capable of improving both the local-
ization and sensing capability of wireless networks, especially
in indoor environments. As illustrated at the bottom right
of Fig. 4, the employment of STAR-RISs in smart factories
improves the positioning of mobile robots and the data-rate of
control links.

There are also other promising application scenarios for
STAR-RISs in 6G networks, such as STAR-RIS-aided simul-
taneous wireless information and power transfer (SWIPT),
STAR-RIS-assisted visible light communications (VLCs),
STAR-RIS-aided mmWave/THz communications, and STAR-
RIS-augmented robotic communications. These applications
constitute interesting future research directions.

V. NUMERICAL CASE STUDIES

In this section, we present numerical examples to charac-
terize the performance of STAR-RISs employing the proposed
operating protocols and to compare them with conventional
RISs. More specifically, we consider the case where a two-
antenna AP communicates with two single-antenna users with
the aid of a STAR-RIS having M elements. One of the user is
assumed to be located in the STAR-RIS’s transmission half-
space, referred to as T user, and the other user is assumed
to be located in the reflection half-space, termed as R user.

The geographical setup is shown in Fig. 5(a). The direct AP-
user links are assumed to be blocked and only the STAR-RIS
transmission/reflection-side AP-user links are available, which
are assumed to obey the Rician fading channel model having a
path-loss exponent of 2.2. For the considered STAR-RIS-aided
MISO downlink, we investigate both unicast and multicast
scenarios. In particular, the AP sends different messages to
different users in the unicast scenario, while conveying a
common message to both users in the multicast scenario. The
minimum transmit power required by the AP for satisfying
a predefined user SINR versus the number of STAR-RIS
elements is studied. For comparing the performance between
STAR-RISs and conventional RISs, we consider a baseline
scheme, where the full-space coverage is achieved by employ-
ing one conventional reflecting-only RIS and one transmitting-
only RIS. The two RISs are deployed adjacent to each other
at the same location as the STAR-RIS. For a fair comparison,
each conventional reflecting/transmitting-only RIS is assumed
to have M/2 elements. In fact, this baseline scheme can be
regarded as a special case of a STAR-RIS operating in MS,
where M/2 elements operate in T mode and M/2 elements
operate in R mode.

Fig. 5(b) and Fig. 5(c) show that, for STAR-RISs with
different operating protocols and the baseline scheme in
both scenarios, the minimum transmit power required by the
AP decreases upon increasing M , since a higher transmis-
sion/reflection gain can be achieved. Regarding the perfor-
mance of STAR-RISs, it is interesting to observe that TS
achieves the best performance in the unicast scenario, whereas
ES is preferable in the multicast scenario. This is because
TS achieves interference-free communication for each user in
the unicast scenario. By contrast, since the multicast scenario
does not introduce inter-user interference, ES exploits the
entire available communication time while TS cannot. It is
also observed that ES always outperforms MS. This is indeed
expected, since from a theoretical point of view, MS can
be regarded as a special case of ES with binary amplitude
coefficients for each element. These results highlight the
importance of employing different operating protocols for
satisfying different communication objectives.

Furthermore, regarding the performance comparison be-
tween STAR-RISs and conventional RISs, it can be observed
that, independent of the adopted operating protocols, STAR-
RISs always outperform conventional RISs in the unicast
scenario of Fig. 5(b), and only TS STAR-RIS yields a worse
performance than conventional RISs for small M in the
multicast scenario of Fig. 5(c). The reason behind this can be
explained as follows. Since conventional RISs employ fixed
element-based mode selection, they cannot fully exploit the
DoFs available at each element to enhance the desired signal
strength and mitigate the inter-user interference as STAR-RISs
can, and thus yielding the worst performance for unicast. For
multicast communication, as the conventional RISs setup is
a special case of MS STAR-RISs, unlike TS, it can fully
exploit the available communication time. This advantage
allows conventional RISs to achieve a higher performance than
TS when M is small, i.e., the case where the available DoFs
are limited for both schemes and using the entire available



7

x

y

z

AP

R User

STAR-RIS

T User

50d m=

3rd m=

3td m=

(a) Simulation setup.

10 15 20 25 30 35 40

Number of elements (M)

-15

-10

-5

0

5

10

R
e
q
u
ir
e
d
 t
ra

n
s
m

it
 p

o
w

e
r 

(d
B

m
)

ES

MS

TS

baseline

Conventional-RISs

STAR-RISs

(b) Unicast communication.
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(c) Multicast communication.

Fig. 5. Transmit power versus the number of elements in a STAR-RIS-aided downlink MISO network. The target rates of the users are set to 1 bit/s/Hz and
3.46 bit/s/Hz in the unicast and multicast scenarios, respectively.

communication time dominates the achieved performance.
However, when M increases, it is expected that conventional
RISs becomes the worst option again due to the significant
loss of DoFs. This drawback also causes the performance gap
between conventional RISs and STAR-RISs to become more
pronounced as M increases. The provided performance com-
parison confirms the effectiveness of employing the proposed
STAR-RISs in wireless networks.

VI. CONCLUDING REMARKS AND FUTURE RESEARCH

The unique differences between the proposed STAR-RISs
and conventional reflecting-only RISs have been discussed
from the perspectives of the hardware design, physics prin-
ciples, and communication system design. Furthermore, three
practical operating protocols have been proposed for STAR-
RISs and their benefits and drawbacks have been highlighted.
Moreover, several promising application scenarios for STAR-
RISs in wireless networks have been identified both for
outdoor and indoor environments. Through numerical case
studies, the performance of STAR-RISs has been evaluated
and compared with conventional RISs in both unicast and
multicast scenarios. However, the investigation of STAR-RISs
is still at a very early stage, and there are numerous open
research problems, some of which are exemplified below:

• Spatial Analysis of STAR-RIS Aided Networks using
Stochastic Geometry: The proposed STAR concept in-
troduces new research challenges for the spatial analysis
of RIS-aided large-scale networks, since transmission and
reflection are determined by both the spatial locations
and orientations of the involved nodes. To facilitate the
application of the powerful stochastic geometry tools
for performance analysis, new point processes that can
capture the randomness of the angle-related spatial dis-
tributions have to be developed for the APs, STAR-RISs,
and users.

• Channel Estimation for STAR-RISs: Due to the near-
passive nature of RISs, the acquisition of accurate channel
state information is a non-trivial task in the face of
having both transmission and reflection links. On the
one hand, based on the TS protocol, the transmission
and reflection links can be consecutively estimated, thus
achieving high accuracy, but at the cost of a considerable
pilot-overhead. On the other hand, the channels for the
two links can also be simultaneously estimated based on

the ES protocol, hence reducing the pilot-overhead. The
development of efficient channel estimation methods for
striking an attractive tradeoff between the performance
and overhead requires further research.

• Deployment Strategies for STAR-RISs: Since STAR-
RISs provide full-space 360◦ coverage, the corresponding
deployment design problem raises a lot of challenging
questions, especially for realistic multi-user scenarios.
The deployment locations of STAR-RISs have to be
carefully chosen to balance the number of users in the
transmission and reflection half-spaces. This constitutes
an interesting but challenging new research problem.
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