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Abstract—By the ability to periodically change the reflection
coefficients of the unit cells of the reconfigurable intelligent
surface (RIS), RIS-empowered wireless transmitter has emerged
as an attractive paradigm that can achieve information modu-
lation and transmission in a cost-effective and energy-efficient
manner. However, only the phase electromagnetic response of
the RISs can be flexibly manipulated in most cases, which
significantly limits the transmission rate of RIS-based transmit-
ters. In this paper, RIS-based quadrature amplitude modulation
(QAM) and multiple-input multiple-output (MIMO) transmission
are designed to improve the communication rate of RIS-based
transmitter. In addition, our proposed method of achieving RIS-
based MIMO-QAM is proved to be robust with the discrete phase
shift of the RIS. Furthermore, a prototype is implemented to
perform real-time RIS-based MIMO-QAM transmission over the
air, which practically validates the proposed approach.

I. INTRODUCTION

The fifth-generation (5G) mobile communications is being

commercially deployed in many countries around the world.

As one of the key technologies of 5G, massive multiple-

input multiple-output (MIMO) has become a reality. 5G

base stations (BS) are equipped with fully digital massive

MIMO radio-frequency (RF) chains and large scale anten-

na arrays to provide the performance leaps that are being

sought in 5G. Meanwhile, the future deployment of millimeter

wave (mmWave) technology in 5G will address the spectrum

shortage problem in current wireless networks. Nevertheless,

the emerging new applications such as virtual reality (VR),

augmented reality (AR), holographic projection, autonomous

driving, and tactile Internet, to name a few, are leading to the

ever-increasing traffic demands that cannot be provided in full

scale by 5G [1]. Therefore, both of the academia and industry

begin to discuss and explore the possible enabling technologies

of the sixth-generation (6G) that keeps researchers working in

the next decade.

When considering the technologies that may deliver 6G, up-

grading massive MIMO to ultra-massive MIMO (UM-MIMO)
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[2] and extending the working spectrum to the terahertz

(THz) band [3], appear to be a potential and natural choice.

Besides, some potential 6G enabling technologies, such as

large intelligent surface (LIS) [4] and holographic MIMO [5],

utilize extremely large antenna aperture to obtain extraordinary

channel gain and much improved spatial diversity. However,

the tremendously large number of RF chains required by

these beyond massive MIMO technologies and the very high

working frequency at THz band will bring about unaffordable

hardware cost and energy consumption.

Under this background, reconfigurable intelligent surface

(RIS) [6]–[9] emerges as a potential paradigm that can provide

a new hardware architecture to alleviate the above mentioned

implementation issues. RIS is also known as intelligent re-

flecting surface (IRS) and passive large intelligent surface

(LIS) in the literature, which is often expected to be made

of programmable metasurface [10], [11] with electromagnetic

(EM) reconfigurable reflecting elements. The EM responses of

the reflecting elements (also known as unit cells) of an RIS

can be flexibly manipulated through external control signals.

The RISs have the ability to engineer the reflected EM waves

in real time, which renders them special appealing for wireless

communications.

In particular, the RIS-based wireless transmitter can directly

modulate the baseband data onto the reflected EM wave, thus

provide a cost-effective and energy-efficient approach that

does not require conventional RF chains for realizing UM-

MIMO and related technologies [12], [13]. There have been

several prior works on RIS-based transmitter, e.g., [14]–[19].

[14] proposed an RIS-based binary frequency shift-keying

(BFSK) transmitter. Subsequently, the experiments of RIS-

based quadrature phase shift keying (QPSK) transmission were

presented in [15] and [16]. An 8-phase shift keying (8PSK)

wireless communication prototype empowered by elaborately

designed RIS was developed in [17] and [18], respectively.

Recently, multi-modulation schemes were realized through an

RIS in [19]. However, these prior research efforts were all

limited to basic single-input single-output (SISO) communi-

cations. Whether RIS-based MIMO transmission is possible is

not fully understood, specially when considering the hardware



constraints of the RIS, such as the discrete phase shift.

In this paper, we study the feasibility of performing MIMO

transmission and high-order modulation through RIS-based

transmitter. A non-linear modulation technique is introduced

to achieve high-order modulation through the RIS. In addition,

the impact of the discrete phase shift of the RIS on the system

design is analyzed. Further, a prototype is implemented to

realize RIS-based MIMO-QAM wireless communication in

real time.

II. SYSTEM MODEL

A general RIS-based MIMO wireless communication sys-

tem is considered as shown in Fig. 1, in which the reflection

coefficient of each unit cell is controlled by a dedicated DAC.

The RIS consists of regularly arranged unit cells with N rows

and M columns. Un,m denotes the unit cell in the nth row and

mth column, whose adjustable reflection coefficient is Γn,m,

for n ∈ [1, N ] and m ∈ [1,M ]. The receiver side contains K

antennas. yk presents the received baseband signal of the kth

receiving antenna, for k ∈ [1,K]. Let En,m, Ẽn,m, Z0 and

Zn,m represent the EM wave impinging on Un,m, the EM

wave reflected from Un,m, the characteristic impedance of the

air, and the equivalent load impedance of Un,m, respectively.

The reflection coefficient is a physical parameter that describes

the complex-valued fraction of the EM wave reflected by an

impedance discontinuity in the transmission medium, which

can be expressed as

Γn,m = An,mejϕn,m , (1)

where An,m and ϕn,m stand for the amplitude alteration and

phase shift of the reflected EM wave from Un,m, respectively.

According to the definition of the reflection coefficient, we

have

Ẽn,m = Γn,mEn,m = An,mejϕn,mEn,m. (2)

Moreover, the reflection coefficient of Un,m is determined by

the characteristic impedance of the air Z0 and its equivalent

load impedance Zn,m, which can be written as [15]

Γn,m =
Zn,m − Z0

Zn,m + Z0
. (3)

By combining (1) and (3), the amplitude and phase compo-

nents of Un,m’s reflection coefficient is obtained as

An,m =

∣∣∣∣
Zn,m − Z0

Zn,m + Z0

∣∣∣∣ , (4)

and

ϕn,m = arctan



Im

(
Zn,m−Z0

Zn,m+Z0

)

Re
(

Zn,m−Z0

Zn,m+Z0

)


 . (5)

Equation (4) and (5) reveal the basic manipulation principle of

the reflected EM wave of the RIS: the external control signals

adjust the equivalent load impedance Zn,m of each unit cell,

thereby regulating the amplitude and the phase of the reflected

EM wave in real time.
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Fig. 1. An RIS-based MIMO wireless communication system.

The EM wave received by the kth receiving antenna is

the superposition of those reflected EM waves by all the unit

cells of the RIS, which depends on the wireless channel hk
n,m

between each unit cell and the kth receiving antenna, i.e.,

Ek =

M∑

m=1

N∑

n=1

hk
n,mẼn,m =

M∑

m=1

N∑

n=1

hk
n,mAn,mejϕn,mEn,m.

(6)

Particularly, the incident EM wave En,m in (6) is a single-

tone EM wave with frequency fc and acts as the carrier

signal, when the RIS is employed as the wireless transmitter.

As a result, according to (6) and denoting the noise at the

kth receiving antenna as nk, the baseband expression of the

received signal of the kth receiving antenna can be written as

yk =

M∑

m=1

N∑

n=1

hk
n,mAn,mejϕn,m + nk = hkx+ nk, (7)

where we denote the channel between the RIS and the kth

receiving antenna as

hk =
[
hk
1,1, h

k
1,2, . . . , h

k
1,M , hk

2,1, . . . , h
k
N,M

]
∈ C

1×NM , (8)

and the transmitted baseband symbols in vector as

x =[x1, x2, . . . , xM , xM+1, . . . , xNM ]
T

=[A1,1e
jϕ1,1 , A1,2e

jϕ1,2 , . . . , A1,Mejϕ1,M ,

A2,1e
jϕ2,1 , . . . , AN,MejϕN,M ]T ∈ C

NM×1.

(9)

Based on (7), the baseband expression of the RIS-based MIMO

wireless communication system is expressed as

y = Hx+ n, (10)

where y = [y1, . . . , yK ]
T

∈ C
K×1, H = [h1, . . . ,hK ]

T
∈

C
K×NM , and n ∈ C

K×1 are the received signal vector of

the receiver as shown in Fig. 1, the wireless channel matrix

between the RIS-based transmitter and the receiver, and the

noise vector of the receiver, respectively.

Equation (10) reveals that the basic mathematical expression

of RIS-based MIMO transmitter is the same as that of the con-

ventional one. Meanwhile, the unique advantage of RIS-based

transmitter for being RF chain-free renders it a promising hard-

ware paradigm for new wireless communication technologies,

such as UM-MIMO and holographic MIMO that conventional

transmitters are hard to realize due to the hardware cost and

energy consumption issues.



III. DESIGN OF RIS-BASED MIMO-QAM TRANSMISSION

In this section, the design of RIS-based QAM modulation

and MIMO transmission is presented. The impact of the

discrete phase shift of the RIS on the system design is also

discussed and analyzed.

A. RIS-based QAM Modulation

The prior works on RIS-based transmitter were mainly

based on constant envelope modulations, such as QPSK and

8PSK. It is hard for the RIS-based transmitters to perform

QAM, because the amplitude and phase responses of each unit

cell of the RIS cannot be independently regulated as these two

components are usually strongly coupled. In most instances,

the electromagnetic responses of the unit cells of the RISs

are usually only phase-adjustable. For example, the unit cell

in [17] is carefully designed to achieve a continuous phase

shift range over 360◦, and keep the fluctuation of amplitude

response as small as possible. Without loss of generality, we

assume that the amplitude response An,m=1 and the phase

response ϕn,m can be flexibly manipulated. Therefore, the

baseband expression of RIS-based MIMO described in (10) is

converted into a constant envelope MIMO transmission model,

in which the transmitted baseband signal is rewritten as

x =
[
ejϕ1,1 , ejϕ1,2 , . . . , ejϕ1,M , . . . , ejϕN,M

]T
. (11)

Here, we introduce a non-linear modulation technique [20]

to enable RIS-based QAM modulation under the constant

envelope constraint. The baseband symbol of Un,m is defined

as

sn,m(t) =

{
ej

∆ϕ

Ts
(t+Ts−t0), t ∈ [0, t0] ,

ej
∆ϕ

Ts
(t−t0), t ∈ (t0, Ts] ,

(12)

in which the phase response of Un,m varies linearly with time

in the symbol period Ts, t0 is the circular time shift, ∆ϕ
Ts

characterizes the changing rate of the phase. The noteworthy

feature of the baseband symbol described in (12) is that it has

two degrees of freedom: t0 and ∆ϕ, which enables RIS-based

QAM modulation.

Theorem 1. When the baseband symbol is defined as s(t) =

ej
∆ϕ

Ts
(t+Ts−t0) for t ∈ [0, t0], and s(t) = ej

∆ϕ

Ts
(t−t0) for t ∈

(t0, Ts], the amplitude of its 1st order harmonic component is

|a1| =

∣∣∣∣sinc
(
∆ϕ

2
− π

)∣∣∣∣ , (13)

and the phase of its 1st order harmonic component is

∠a1 =−
2πt0
Ts

+
∆ϕ

2
− π + mod

(⌊
∆ϕ

2π
− 1

⌋
, 2

)
· π

+ ε(2π −∆ϕ) · π,
(14)

where sinc(·), mod(·), ⌊·⌋, and ε(·) represent sinc function,

modulus function, round-down function, and step function,

respectively.

Proof : The proof is obtained through exponential Fourier

series expansion; details are omitted for space limitations. �
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Fig. 2. Different discrete phase shift steps in the proposed RIS-based QAM
symbol. (a) q=∞. (b) q=8.

Theorem 1 indicates that RIS-based QAM can be realized

on the 1st order harmonic, where f = fc +
1
Ts

. In particular,

the amplitude modulation and phase modulation are achieved

by adjusting ∆ϕ and t0, respectively and independently. As

the modulation is carried out on the harmonic, rather than the

carrier frequency, we refer to this modulation method as a kind

of non-linear modulation.

B. RIS-based MIMO-QAM Transmission

Theorem 1 provides a non-linear modulation technique for

achieving QAM under the constant envelope constraint of the

RIS, which makes RIS-based MIMO-QAM transmission pos-

sible. By replacing x in (10) with s, the baseband expression

of RIS-based MIMO-QAM wireless communication system is

obtained as

y = Hs+ n, (15)

where s = [s1,1, . . . , s1,M , . . . , sn,m, . . . , sN,M ]
T
∈ C

NM×1,

with sn,m being the transmitted symbol through the unit cell

Un,m, which has been defined in (12).

On one hand, equation (15) indicates that RIS-based MIMO-

QAM shares the same mathematical expression with the

conventional MIMO-QAM transmitter. Therefore, the widely

studied and deployed MIMO communication schemes and

algorithms can be applied in the RIS-based MIMO-QAM

wireless communication systems. On the other hand, through

high-order modulation and MIMO transmission, the proposed

RIS-based MIMO-QAM scheme will remarkably improve the

transmission rate and spectral efficiency compared to the

previous RIS-based transmitter works, meanwhile without any

special design requirement on the RIS. In Section IV, we will

implement a prototype system to bring the RIS-based MIMO-

QAM transmission into reality.

C. Impact of Discrete Phase Shift

The baseband symbol defined in Theorem 1 for performing

RIS-based QAM depends on the assumption that the phase

shift of the RIS can continuously change over time as shown

in Fig. 2(a). Nevertheless, such an ideal signal does not exist

in practical implementation. The phase shift of each unit cell

of the RIS is discrete, because its external control signal

is generated by the DAC with discrete output characteristic.

Denote the number of the discrete phase shift steps as q in a

practical baseband symbol of RIS-based QAM. For instance,

q is respectively equal to ∞ and 8 in Fig. 2(a) and Fig. 2(b).
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discrete phase shift steps.

It’s important to note that the baseband symbol of RIS-based

QAM as ideal as Fig. 2(a) is actually achievable when the unit

cell of the RIS is varactor-diode-based type [21] and controlled

by the high-resolution DAC (e.g. 16-bit DAC). However, the

symbol rate of RIS-based QAM will be significantly limited,

since its maximum symbol rate is written as

Rmax
symbol =

RDAC

q
, (16)

where RDAC is the maximum sampling rate of the DAC. For

example, if RDAC = 100 MSa/s and q = 1000, the maximum

symbol rate will be limited to a relatively low value of 100
kS/s. In contrast, a high symbol rate can be obtained when

the number of discrete phase shift steps q is small. It is worth

noting that the discrete phase constraint here is not the same

as that in [9] and [22], in which the RIS is PIN-diode-based

type and the phase shift can only take fixed discrete values.

When considering the impact of the discrete phase shift in

the system design and letting t0 = 0, the baseband symbol of

RIS-based QAM in Theorem 1 is redefined as

s̃(t) = ej
△ϕ

q
p, for t ∈

[
Ts

q
p,

Ts

q
(p+ 1)

)
, (17)

where p ∈ [0, 1, . . . , q−1]. The 1st order harmonic component

of s̃(t) is

ã1 =
1

Ts

∫ Ts

0

s̃(t)e−j 2π
Ts

tdt

=

q−1∑

p=0

1

Ts

∫ (p+1)Ts

q

pTs

q

ej
∆ϕ

q
pe−j 2π

Ts
tdt

=
sinc

(
π
q

)

sinc
((

∆ϕ
2 − π

)
1
q

) sinc

(
∆ϕ

2
− π

)
ej(

∆ϕ

2 −π−∆ϕ

2q ).

(18)

Meanwhile, the 1st order harmonic component of the ideal

baseband symbol s(t) without discrete phase shift is

a1 =
1

Ts

∫ Ts

0

ej(
∆ϕ

Ts
− 2π

Ts
)tdt = sinc

(
∆ϕ

2
− π

)
ej(

∆ϕ

2 −π).

(19)
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By comparing (18) and (19), we have

ã1

a1
=

sinc(π
q
)

sinc
((

∆ϕ
2 − π

)
1
q

)e−j ∆ϕ

2q , (20)

which reveals that the larger q will lead to the smaller impact

on the baseband symbol of RIS-based QAM. Fig. 3 depicts

the amplitude of the 1st order harmonic component under

different discrete phase shift steps. It shows that |ã1| with

discrete phase shift steps quickly approaches the ideal |a1| as

q increases. When q = 8, the impact of the discrete phase shift

is already negligible (
|ã1|
|a1|

= 0.9745 when ∆ϕ = 2π). Thereby,

our proposed approach of achieving RIS-based MIMO-QAM

wireless communication is robust with the discrete phase shift,

thus a high symbol rate can be achieved.

IV. IMPLEMENTATION OF RIS-BASED MIMO-QAM

It is obvious that the proposed approach is generalizable for

any size of MIMO. Due to the limitation of our experimental

hardware condition, an RIS-based 2×2 MIMO-QAM trans-

mission prototype is implemented here. In spite of that, it is

sufficient to show the great potential of realizing UM-MIMO

and holographic MIMO technologies through the RISs.

Fig. 4 presents the diagram of the RIS-based 2×2 MIMO-

QAM transmission prototype. One bit stream is transmitted by

the red half of the RIS and the other bit stream is transmitted

by the orange half as shown in Fig. 4. On the basis of the

baseband expression of RIS-based MIMO-QAM transmission

expressed by (15), we have

y1 = h11s1 + h12s2 + n1,

y2 = h21s1 + h22s2 + n2,
(21)

where h11 =
M∑

m=1

N
2∑

n=1
h1
n,m, h12 =

M∑
m=1

N∑
n=N

2 +1

h1
n,m, h21 =

M∑
m=1

N
2∑

n=1
h2
n,m, and h22 =

M∑
m=1

N∑
n=N

2 +1

h2
n,m. Since the signal

expression of RIS-based 2x2 MIMO-QAM is the same with

that of the conventional MIMO, a common wireless frame

structure is designed, which contains one synchronization sub-

frame, one pilot subframe, and sixty data subframes. The pilot

subframe comprises 64 RIS-based BPSK symbols and each

data subframe consists of 64 RIS-based 16-QAM symbols,

which apply QAM modulation on the 1st order harmonic.
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The pilot subframes of these two streams are orthogonal in

the time domain, so that the wireless channels h11, h21, h12

and h22 can be easily estimated by the receiver. As shown

in Fig. 4, a conventional two-channel receiver is utilized to

recover the two transmitted bitstreams, in which least square

(LS) and zero forcing (ZF) algorithms are used for channel

estimation and channel equalization, respectively.

Fig. 5 illustrates the prototype system, which consists of the

RIS, the PXIe system with various peripheral modules, the RF

signal generator, the software defined radio (SDR) platform,

and the host computer. The RIS here is a kind of varactor-

diode-based programmable metasurface with 256 unit cells,

whose detailed information can be found in [17]. The RIS are

controlled by two DAC modules to perform RIS-based 2×2

MIMO-QAM transmission. The RF signal generator provides

the air-fed 4.25 GHz carrier signal through the feed antenna.

The SDR platform and host computer form the receiver.

The RIS-based MIMO transmitter is located on the left of

Fig. 5, and the receiver is on the right. Real-time RIS-based

2×2 MIMO-16QAM wireless communication experiment was

conducted indoor over the air. The distance between the RIS

and the two receiving antennas is about 1.5 meters. The 16-

QAM constellation diagrams of the two bitstreams recovered

by the receiver are clear and dense, which are shown on

the upper right hand corner of the figure. When ignoring the

overhead of the synchronization and pilot subframes, the data

rate of the prototype system reaches 20 Mbps with 2.5 MS/s

symbol rate. The power consumption of the RIS together with

its control circuit board is about 0.7W. As a matter of fact, the

transmission data rate can be further improved by increasing

the size of MIMO, the modulation order, and the symbol rate

in the future.

V. CONCLUSION

In this paper, we have presented the approach of achieving

QAM modulation and MIMO transmission through the RIS,

and proved that the proposed method is robust with the discrete

phase shift of the RIS. Furthermore, we have implemented a

prototype to realize RIS-based 2×2 MIMO-16QAM wireless

communication with 20 Mbps data rate in real time, which ex-

perimentally validates the proposed approach. These encourag-

ing results suggest that RISs provide a promising architecture

for realizing UM-MIMO and holographic MIMO technologies,

with affordable hardware cost and power consumption.
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