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Abstract—This correspondence proposes to employ intelligent
reflecting surface (IRS) as an information medium to display
a microwave quick response (QR) code for Internet-of-Things
applications. To be specific, an IRS is used to form a dynamic
bitmap image thanks to its tunable elements. With a QR code
shown on the IRS, the transmitting and receiving array antennas
are jointly designed to scan it by radiating electromagnetic wave
as well as receiving and detecting the reflected signal. Based on
such an idea, an IRS enabled information and communication
system is modelled. Accordingly, some fundamental systematic
operating mechanisms are investigated, involving derivation of
average bit error probability for signal modulation, QR code im-
plementation on an IRS, transmission design, detection, etc. The
simulations are performed to show the achievable communication
performance of system and confirm the feasibility of IRS-based
microwave QR code.

Index Terms—Quick response (QR) code, intelligent reflecting
surface, reconfigurable intelligent surface, modulation, detection.

I. INTRODUCTION

ALTHOUGH intelligent reflecting surface (IRS) has been
widely investigated [1], almost all of the studies treat it

as a pure reflection device [2], [3] or passive transmitter. To
be specific, IRS is a two-dimensional metasurface, on which
large numbers of electromagnetic (EM) sensitive elements are
printed [4]. Compared to active antennas, the major distinction
of IRS lies in that none of transmitting radio frequency
(RF) chains is equipped [5]. When illuminating an IRS, the
amplitude and phase of incident signal can be changed by
adjusting the reflection coefficient of elements. Owing to such
an appealing ability, IRS can be used as a pure reflector to
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construct a smart active environment to enhance or degrade
signal reception [6]. Typically, IRS has been considered in
multi-user communication [7], cognitive radio [8], physical
layer security [8], device-to-device communication [9], multi-
cell communication [10], non-orthogonal multiple access [11],
ect. In addition to pure reflection, IRS is used as a passive
transmitter or backscatter device [12], which is capable of
sending its own information by modulating and reflecting the
incoming signal. In this aspect, major investigations focus on
modulation [13]–[17] and passive beamforming [18], [19].
Up to now, however, IRS has not yet been considered as
an information medium, or more accurately an EM image
displayer, to show a microwave quick response (QR) code for
information dissemination.

As a new branch of IRS backscatter communication, IRS-
based microwave QR code has some differences from the
existing paradigm of passive beamforming and information
transfer [13]: 1) The data bits are directly mapped to the
complex reflection coefficient of the IRS elements to form
a bitmap image. 2) No channel state information (CSI) is
required at the IRS end. 3) Signal processing and hardware
architecture at the IRS end, as well as collaboration with the
transceiver, are greatly simplified. 4) The sound and system-
atic QR technology base facilitates practical applications of
passive communication. 5) Reliable communication may still
be realized with obstruction. These differences make it easy
to implement microwave QR code at the IRS. Compared to
conventional antenna-based communication, microwave QR
code can reduce the complexities of signal processing, com-
puting and hardware architecture at terminal devices, as well-
known edge computing [20] and precoding [21] have done.
Moreover, the IRS-based QR code, as an extension of QR code
in microwave frequency band, has some similar advantages to
the optical QR code, including but not limited to high capacity
for data encoding, wide coding range, strong fault tolerance,
high reliability of decoding. Therefore, microwave QR code
is an ideal technology for Internet-of-Things and low-power
communication scenarios, such as wireless sensor networks,
smart grid, logistics management, maritime affairs, etc.

Motivated by these distinctive characteristics, this corre-
spondence will focus on IRS-based microwave QR code,
which provides a transformative means to implement wireless
communication. Distinguished from [13]–[19], we attempt to
present a new paradigm of backscatter communication, namely
IRS-based microwave QR code, rather than investigate the
IRS-related modulation technology or passive beamforming.
The contributions of this correspondence are summarized as
follows. 1) A concept of microwave QR code is proposed
based on our recent work [19], which can be executed on an
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Fig. 1. An illustration of the proposed IRS enabled information and
communication system, where an IRS acts as an element image displayer
to map the information to the complex reflection coefficient of its elements.

IRS, but not limited to it. The proposed system framework
also applies to other cases of coded image, in addition to
QR code. 2) Fundamental systematic operating mechanisms
are preliminarily presented, including signal modulation, QR
code implementation, transmission design, detection, etc. 3)
Simulations are performed to show the feasibility of the
proposed system and schemes, which are able to provide useful
guidelines to inspire future research.

II. SYSTEM MODEL

Consider an IRS enabled information and communication
system as shown in Fig. 1, where an IRS builds up an element
image carrying data information instead of a pure reflector
for radio signal, while the transmitting array antennas (TXs)
radiate EM wave towards the IRS and the receiving array
antennas (RXs) detect the echo signal for data extraction. The
TXs and the RXs may be deployed centrally or separately. In
either case, the TXs and the RXs can exchange information
smoothly through a high-speed link, which ensures that they
can collaborate to read the information on the IRS. Moreover,
the interference between the TXs and the RXs can be well
eliminated1. The relationship between the TXs/RXs and the
IRS is in analogy with that between an optical scanner and a
visible QR code.

Let Nt, Nr and L denote the numbers of the TXs, the RXs
and the elements of the IRS, respectively. It is assumed that all
CSIs are perfectly known with quasi-static fading. H ∈ CL×Nt

and F ∈ CNr×L denote the channel gain matrices from the
TXs to the IRS and from the IRS to the RXs, respectively.
When the TXs radiate EM wave bearing no information2, each
IRS can passively modulate its information to the reflected
signal with time-varying reflection coefficient of each element.
Mathematically, the modulation process at the IRS is modelled
as

FΘHw = Fdiag{Hw}θ, (1)

where w is the beamforming vector at the TXs. Θ and θ
are respectively the diagonal matrix of reflection coefficient
and the corresponding vector, with Θ = diag{θ}. θ is an
information vector rather than a passive beamforming vector,
where each of its vector elements is not more than one.

1The interference elimination can be realized by physical separation be-
tween the TXs and the RXs or advanced signal processing techniques [22].

2All the transmitted data symbols from the TXs are set as one since no
information is sent.
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Fig. 2. An illustration of the principle of IRS enabled QR code communi-
cation.

Therefore,
[
θθH

]
l,l
≤ 1 holds, where [·]l,l denotes the l-th

diagonal element of matrix. Based on this model, the received
signal at the RXs is given by

y = Fdiag{Hw}θ + z, (2)

where z is white Gaussian noise vector with z ∼ (0, σ2I).
The performance of the considered IRS enabled informa-

tion and communication system is highly dependent on the
amplitude and phase of each element. Moreover, the number
of antennas at the RXs has a huge impact on the detection
of the echo signal and the information acquisition. In the
following sections, we will investigate two related agendas for
the considered system, including average bit error probability
(ABEP) of signal modulation and IRS enabled QR code
communication.

III. DERIVATION OF ABEP

This section will compute the average symbol error proba-
bility (ASEP) for the considered IRS enabled information and
communication system according to the information theory.
Based on the ASEP, the ABEP of phase shift keying (PSK)
as a typical modulation example is obtained, considering that
the amplitude adjustment of elements at the IRS has a high
control complexity3.

Specifically, let V = Fdiag{Hw} and U = [VHV]−1VH .
Based on (2), the output of the received signal at the RXs is
given by

y′ = θ + z′, (3)

where y′ = Uy and z′ = Uz. For the l-th element of the IRS,
the corresponding output of the received signal is given by

y′(l) = θ(l) + z′(l). (4)

It is assumed that the phase of each element at the IRS
constructs a signal constellation diagram of size M , denoted
by X = {x1, x2, · · · , xM}, with all constellation points having
the same occurrence probability. Therefore, the maximum
likelihood (ML) estimate of θ(l) is given by

θ̂(l) = arg min
xm∈X

|y′(l)− xm|. (5)

Then, the closed-form expression of ASEP for the l-th element

3Modulation is not the research focus of this work. For more advanced IRS
modulation schemes, please kindly refer to [13], [14].
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Fig. 3. Two schemes to cope with the insufficient antennas at the RXs.

of the IRS is given by

PASEP(l) =

M∑
m=1

M∑
m̂=1,m̂6=m

Pr
{
θ̂(l) = xm̂|θ(l) = xm

}
M

. (6)

Based on (6), the closed-form expression of ABEP for the l-th
element of the IRS can be obtained. When each element of
the IRS switches only between two states, the low-complexity
modulation of BPSK is an excellent choice. For BPSK, the
ABEP for the l-th element of the IRS is given by4

PABEP, BPSK(l) = Q

(√
2

Cll

)
, (7)

where Cll is the (l, l)-th element of C = σ2UUH . When
more phase states can be adjusted for each element, more
information is contained at a fixed-size IRS. For QPSK, the
ABEP for the l-th element of the IRS is approximately given
by

PABEP, QPSK(l) ≈ Q
(√

1

Cll

)
. (8)

When the number of phase states is greater than four, the
ABEP for the l-th element of the IRS is approximately given
by

PABEP, M-PSK(l) ≈
2

log2M

[
Q

√1− cos(2π/M)

Cll


+Q

√1− cos(4π/M)

Cll

], M > 4. (9)

IV. IRS ENABLED QR CODE COMMUNICATION

This section will discuss how an IRS acting as a microwave
QR code displayer interacts with the TXs/RXs, involving QR
code implementation, transmission design, detection, etc. The
operating principle is depicted in Fig. 2. Considering that there
are many versions for QR code to support different languages,
numbers, letters or their mixture and that QR coding is an
independent field of study, the QR coding design is beyond
the scope of this correspondence.

At the TXs, channel estimation and beamforming design

4The equations (7), (8) and (9) can be easily obtained according to Sections
6.1.2 and 6.1.3 of [23].

have a huge effect on the communication performance of
system. Since IRS acts as an information medium with each
element having the identical constellation diagram, Θ = I
is set as the precondition for channel estimation and beam-
forming. Under such a precondition, it is easy to estimate the
cascaded channel FΘH, that is FH. Based on the CSI of FH,
a straightforward beamforming scheme is adopted, where w
is designed as the eigenvector corresponding to the largest
eigenvalue of the matrix HHFHFH.

At the RXs, the number of antennas may be far smaller
than that of the IRS elements in practice, which results in the
difficulty in the signal detection. To address this issue, two
schemes may be considered, as illustrated in Fig. 3. In the
first scheme, an IRS is equally divided into Nr blocks while all
elements in a block have the same reflection coefficient [18].
As a result, the independent IRS elements are reduced into
Nr, and each IRS block can reflect more power towards the
RXs than one element. If the number of the IRS blocks is
insufficient to bear a complete message, QR codes carried
by multiple frames on the IRS are merged into one for
information transfer. In the second scheme, frequency division
multiplexing is employed. To be specific, an IRS is made
up of multiple groups of frequency selective elements for
interference elimination and each group is able to reflect the
EM wave in a specific frequency band. Based on this scheme,
the signal reflected by different groups of elements can be
detected by the RXs at the same time.

Relying on different modulation schemes, each element
or IRS block is used as one or multiple QR modules. For
example, when BPSK is adopted, one element or IRS block
represents one QR module; when 16-PSK is adopted, one
element or IRS block represents four QR modules. When the
EM wave from the TXs impinges on the IRS, the information
carried by each element is modulated into the reflected signal.
Then, the signal is received, detected and estimated at the RXs.
Due to noise, interference and obstruction, the recovered QR
code may be impaired. Even so, the information can still be
correctly decoded under a certain impaired level.

V. NUMERICAL RESULTS

This section will evaluate the feasibility and the achievable
performance of the proposed IRS enabled information and
communication system by numerical simulations. In simula-
tions, the channels H and F are randomly generated from the
Rician channel distribution with the Rician factor κ, where
the path loss at the transmission distance d is given by
PL = PL0 − 25 lg (d/d0) dB with PL0 = -30 dB at the
reference distance d0 = 1m. The legend PSK represents the
schemes of PSK with multiple modulation orders considered,
while Theo and Simu denote the theoretical and simulation
results, respectively. Some constant parameters are set as: the
distance from the TXs/RXs to the IRS dI = 50 m, the noise
temperature T = 300 K, and the noise bandwidth B = 1 MHz.

Fig. 4 depicts how the ABEPs of multiple modulation
schemes of PSK depend on the average signal-to-noise ratio
(SNR), the number of antennas at the TXs and the Rician
factor of channels, where Nt = 64, Nr = 64, L = 64, κ = 0.1,
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Fig. 4. The impact of the average SNR, the number of antennas at the TXs and the Rician factor of channels on the ABEPs of multiple modulation schemes
of PSK.
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Fig. 5. The impact of the average SNR, the side length (measured by number
of elements) of obstruction, the number of antennas at the TXs and the Rician
factor on the recognition probability of QR code for BPSK, where (a), (b)
and (c) are the original QR code, the recovered unrecognizable QR code and
the recovered recognizable QR code, respectively.

the average SNR γ = 15 dB, if Nt, κ and γ are not used as
X-axis variables. It is clearly seen that all curves decline with
the average SNR, the number of antennas at the TXs and the
Rician factor increasing. Moreover, the curves of Theo almost
coincide with Simu in all modulation schemes of PSK, which
indicates that the theoretical approximation is quite accurate.
By comparison, the BPSK achieves the lowest ABEP and an
increase in modulation order of PSK lifts the ABEP.

Figs. 5 and 6 show how the average SNR, the side length
(measured by number of elements) of obstruction, the number
of antennas at the TXs and the Rician factor affect the recovery
and recognition probabilities of QR code for BPSK and 16-
PSK, where Nt = 38, Nr = 38, L = 382, γ = 15 dB, the
side length of obstruction D = 10 for BPSK and Nt = 19,
Nr = 19, L = 192, γ = 30 dB, D = 5 for 16-PSK are set.
The obstruction is assumed to be square and the right bottom
corner of the IRS is blocked. All QR codes shown are from
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Fig. 6. The impact of the average SNR, the side length (measured by number
of elements) of obstruction, the number of antennas at the TXs and the Rician
factor on the recognition probability of QR code for 16-PSK, where (a), (b)
and (c) are the original QR code, the recovered unrecognizable QR code and
the recovered recognizable QR code, respectively.

a random observation for BPSK and 16-PSK. It is seen that
an increase in the average SNR, the number of antennas at
the TXs and the Rician factor contributes to improving the
recognition probability of QR code, while the side length of
obstruction does the reverse.

VI. CONCLUSIONS

This correspondence proposed to employ IRS-based mi-
crowave QR code for passive radio communication and in-
vestigated some fundamental agendas, involving the ABEP
for signal modulation, QR code implementation on an IRS,
transmission design, detection, etc. According to the theo-
retical analysis and simulation results, it can be concluded
that: 1) IRS-based microwave QR code achieves a satisfactory
communication performance, thereby being feasible; 2) BPSK
has the lowest ABEP, and an increase in modulation order
of PSK lifts the ABEP with the elements for displaying QR
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code reduced; 3) A higher average SNR, more antennas at
the TXs and a larger Rician factor contribute to lowering the
ABEP and increasing the probability of recognizing QR code;
4) IRS-based microwave QR code has a good robustness to
obstruction.
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