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Rank Optimization for MIMO systems with RIS:
Simulation and Measurement
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Abstract—Reconfigurable intelligent surface (RIS) is a promis-
ing technology that can reshape the electromagnetic environment
in wireless networks, offering various possibilities for enhancing
wireless channels. Motivated by this, we investigate the channel
optimization for multiple-input multiple-output (MIMO) systems
assisted by RIS. In this paper, an efficient RIS optimization
method is proposed to enhance the effective rank of the MIMO
channel for achievable rate improvement. Numerical results are
presented to verify the effectiveness of RIS in improving MIMO
channels. Additionally, we construct a 2x2 RIS-assisted MIMO
prototype to perform experimental measurements and validate
the performance of our proposed algorithm. The results reveal
a significant increase in effective rank and achievable rate for
the RIS-assisted MIMO channel compared to the MIMO channel
without RIS.

Index Terms—Reconfigurable intelligent surface, multiple-
input multiple-output, measurement, 6G.

I. INTRODUCTION

N recent years, the increasing presence of various mo-

bile communication services such as video streaming and
online gaming has sparked a significant surge in the need
for higher data rates. To meet the growing demands, various
technologies have been applied. Among them, multiple-input
multiple-output (MIMO) technology stands out as a solution
to increase system capacity without the need for additional
frequency resources. However, as MIMO is widely deployed,
new challenges have arisen. In propagation environments
characterized by strong line-of-sight (LoS) path and limited
scatterings, the correlation in MIMO channels increases. This
phenomenon weakens the multiplexing of MIMO, resulting
in a reduced capability to support multiple data streams and
subsequently diminishing the performance of communication
systems. Therefore, there is an urgent need for innovative
solutions to optimize the effective rank of MIMO channels
to address these challenges. The advent of reconfigurable
intelligent surfaces (RIS), which can be integrated into the
channel, offers new opportunities for addressing this problem.

As one of the key potential technologies for the sixth-
generation (6G) networks, RIS can dynamically manipulate
electromagnetic waves [[1]-[5], thus holding the potential to
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Fig. 1. The considered RIS-assisted MIMO communication system.

customize wireless channels [6]. Some studies have been
conducted on leveraging RIS as part of the MIMO channels
to improve the achievable rate of the systems [7]-[9]. These
related works demonstrate the capability of RIS to improve
achievable rates of MIMO systems in different scenarios.
Furthermore, RIS can be employed to improve the system
performance by directly enhancing the effective rank [10] or
minimum singular value of the MIMO channel [[11]]. However,
the optimization algorithms proposed in the aforementioned
references are complex and may not be easily applicable to
practical systems, rendering a lack of relevant experimental
measurements.

In this paper, we first develop an RIS-assisted MIMO
channel model and then propose an efficient RIS optimiza-
tion method called the maximum cross-swapping algorithm
(MCA) to enhance the effective rank of the MIMO channel
for achievable rate improvement. Numerical simulations are
conducted to verify the effectiveness of RIS in improving
the effective rank and the achievable rate. Moreover, we set
up an RIS-assisted 2x2 MIMO communication prototype to
validate the performance of our proposed algorithm through
experimental measurements. The results show that compared
to the MIMO channel without RIS, the RIS-assisted MIMO
channel, optimized using the MCA, achieves a notable increase
of 30.1% in the effective rank and 13.6% improvement in the
achievable rate.

II. SYSTEM MODEL

We consider an RIS-assisted MIMO communication system
as shown in Fig[T] The transmitter and the receiver have L and
( antennas, respectively. The RIS consists of IV unit cells. The
entire MIMO channel between the transmitter and the receiver



is comprised of the RIS-assisted channel and the non-RIS-

assisted channel [3]], [[11], which can be modeled as
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where H, € CV*L and H!' € C9*V represent the channel
between the transmitter and the RIS, and the channel between
the RIS and the receiver, respectively. I' € CN*" is a diagonal
matrix composed of the reflection coefficients of each unit
cell. Hyog € C2*L and Hypos € CP*L represent the non-
RIS-assisted line of sight (LoS) and non-LoS (NLoS) paths
between the transmitter and the receiver, respectively. a €
(0,1) denotes the power ratio of the RIS-assisted channel,
i.e., the power ratio of HISTH in the overall channel H.
K is the Rician factor of the non-RIS-assisted channel.
Specifically, the channel between the transmitter and the

RIS can be expressed as
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where h, fis is the channel coefficient between the Iy, (I =

0,1,...,L) transmit antenna and the ny(n = 0,1,...,N)
unit cell U,,. Considering the wireless signal propagation loss
between them, the channel coefficient can be modeled as [12]
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where G denotes the gain of each transmit antenna,
and c,oﬁ;AOA denote the angle of arrival (AoA) from the [y,
transmit antenna to the unit cell U,,. F'(6, o) is the normalized
power radiation pattern of each unit cell [[13], [14]. dx and d,
denote the width and length of each unit cell, respectively.
di{tfis denotes the distance between the s, transmit antenna
and the unit cell U,, and X represents the wavelength. In
analogy with H, H!! can be modeled.

Furthermore, the reflection matrix of the RIS I' can be
represented as

T = diag {e/?*, /%2, ... eIV}, 4)
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where e/?n denotes the reflection coefficient of unit cell
U,,. In practice, continuous control of the reflection phase
for each unit cell incurs significant hardware implementation
costs. Thus, we consider the discrete implementation, where
the reflection phase is taken only from a finite number of

discrete values. We assign ¢ = [¢1,¢a,...,¢n] to be the
phase configuration vector of the RIS, satisfying V¢,, € =, =
o 2m(2°-1)

0,55, Qb}, where b denotes quantization bit of

reflection phase of each unit cell.

As to the non-RIS-assisted channel, the LoS path between
the transmitter and the receiver can be modeled as

1,tx 2,tx L,tx
hl,rx hl,rx e h’l,rx
1,tx 2,tx L,tx
2,rx 2,rx T 2,rx
HLOS = . . . . ) (5)
1,tx 2,tx L,tx
hQ,rx hQ,rx T hQ}rx
Itx _ 1.t —j2mdb T /A
where AL = /G Gre)/ (4mdit%) x e712md4x/X denotes

the channel coefficient of the LoS path between the [
transmit antenna and the ¢y, (¢ = 0,1, ..., Q) receive antenna,
dfl’fr’; and G, are the distance between them and the gain of
each receive antenna, respectively. In addition, the NLoS path

can be represented by
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where d'¥ is the distance between the center of the transmitter

and the center of the receiver, and Hnpos € CLxQ is the

NLoS component. Each element of Hyy,0g is an i.i.d. complex
Gaussian random variable with zero mean and unit variance.

Hnros =

III. OPTIMIZATION METHOD

In this section, we introduce an optimization method to
improve the MIMO channel. The effective rank is used as
a metric to evaluate the orthogonality among the MIMO
subchannels [11]. According to the definition in [10], the
effective rank of the MIMO channel H between the transmitter
and the receiver can be expressed as

rank (H)

> —oilno}|, (7)
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where rank(H) is the rank of the MIMO channel, and o} =
0i/Y_; 0; is the normalized singular value.

By incorporating RIS as a component of the MIMO channel,
it is possible to optimize the configuration of the RIS ¢ to
improve the effective rank of the MIMO channel H, thus
improving the orthogonality of the subchannels and overall
system performance. Hence, the optimization goal can be
written as

erank(H) = exp

maximize erank (H)
¢ ®)
subject to Vo, € 25, n=1,2,..., N.

We propose an efficient optimization method named MCA
to optimize the phase configuration of the RIS, which is
described as follows.

1) Iterating through random configurations: In the MCA,
we first generate a set of 7' random RIS phase configurations,
ie., ¥ ={¢1,...,¢r} Then, we configure the RIS according
to these T' random configurations and obtain the corresponding
effective rank of the MIMO channel H. Furthermore, the
T random RIS configurations are sorted in ascending order
based on their individual effective ranks, and the top two
configurations are selected as the parent set W, ent 0 generate
a new set of RIS phase configurations for the next round. The
corresponding parent set is expressed as
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where @ and Pgupmax represent the RIS configuration
with the highest and second-highest effective rank of the
corresponding MIMO channel H in the set ¥, respectively.

2) Cross-swapping the parent configurations: We gener-
ate offspring RIS phase configurations denoted as Wy,, =
{@5m, 5™, ..., 5., } by sequentially cross-swapping the
phase designs of the first Nye, unit cells from the parent
configurations {@max, Psubmax - The detailed procedure is
outlined in Method 1.

Method 1 Cross-swapping Parent Configurations to Generate
Offspring Configurations.

I input : Nyeyw, ¢maX7 ¢submax

2. for i =1,2,...,2Mev do

3 convert ¢ to a binary number ¢, with Ny, bits
4 for j=1,2,..., Nyew do
5
6

if the jy, bit of 4}, equals to O
assign the jy, element of @, to the jip
element of ¢

7: else if the jy, bit of 4}, equals to 1
8 assign the jy, element of @gypmax to the jip
element of ¢

9: end if

10: assign the remaining elements of @, to the
remaining elements of ¢:°"

11: end for

12: end for

13: output : offspring RIS configuration set Yy, =

¢son ¢son son
1 »¥2 s ¥PoNpew

3) Obtaining the optimal offspring configuration: After
applying each newly generated offspring configuration to the
RIS, we can calculate the corresponding effective rank of
the MIMO channel H. The optimal offspring configuration,
denoted as ¢@,ca, is determined as the one with the highest
effective rank among the set W,,. The whole process of the
MCA is summarized in Algorithm [I]

IV. NUMERICAL SIMULATION

In this section, we evaluate the performance improve-
ment of the RIS-assisted MIMO channel through numerical
simulations, utilizing the proposed optimization method. As
illustrated in Fig. 2| we consider the column-controlled RIS,
which can be treated as a uniform linear array (ULA). We set
the centers of the transmit antennas, the receive antennas, and
the RIS all positioned at the same height, thus reducing the
system to two-dimension. The AoA ¢LA°* and AoD 7-4°P
are fixed at 7 and 0 in the x-y plane, respectively. In addition,
Ay (d ) and di o (die ) represent the corresponding
distance between the center of the transmitter (receiver) and
the center of the RIS in the x or y direction, respectively. These
distances are illustrated in Table [ Moreover, di, and d,x
denote the transmit antenna spacing and the receive antenna
spacing, respectively. When the transmit antennas and receive
antennas are fixed, we can calculate df{f’;‘is, diris, dbt, dix,
6LAA and GQ’AOD based on the geometric relationship.

Algorithm 1 Maximum Crosss-swapping Algorithm (MCA).

1: input :N, T, Nyew, b

2: generate a set ¥ containing 7' random RIS configurations
{¢:},_, based on =,

3: calculate the effective rank of the MIMO channel H with
the RIS configured by each configuration ¢

4: find the RIS configuration @, and @supmax With the
highest and second-highest effective rank of the corre-
sponding MIMO channel H in the set ¥, respectively.

5. generate offspring RIS configuration set ¥y, according to
Method 1
6: for i =1,2,...,2Vev do
calculate the corresponding effective rank of the
MIMO channel H with the RIS configured by ¢j°"
8: end for

9: output : @mea = arg max erank (H)
$EWson
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Fig. 2. Deployment of the considered RIS-assisted 2x2 MIMO
communication system (top view).

The system operates at f = 2.7 GHz. Each column of the
RIS can be seen as a macro unit cell, whose width and length
are dy = 0.05 m and d, = 1.6 m, respectively. As shown in
Fig. |2 the transmitter and receiver are both equipped with 2
antennas, that is L = @) = 2, with a transmit and receive gain
being Gix = G,x = 6 dB. More specific system parameters
are listed in Table

When zero-forcing (ZF) equalization is applied to recover
the data streams, the achievable system rate can be expressed
as [[15]]

rank(H)
Rzp(H,p)= Y log, [1+ —L——], (10
= (ErE)

where p is the transmit signal-to-noise ratio (SNR) and [],;
denotes the i, diagonal element of a matrix. In the high SNR
regime where water filling power allocation reduces to equal
power allocation, the capacity of the MIMO channel, which
is introduced as the upper bound of the simulation, can be
approximated by [16]]

rank(H)
CH,p) = Z log, (14 0:%p).
i=1
In the following simulated cases, we set the transmit SNR
p = 50 dB and Rician factor K = 20 dB. All the results

Y



TABLE I
PARAMETERS FOR THE NUMERICAL SIMULATION
Operating Frequency f 2.7 GHz
Coding Type 1-bit phase
RIS Parameters Macro Unit Cell Number N 16/32/64
Macro Unit Cell Width dy 0.05 m
Macro Unit Cell Length d, 1.6 m
Transmitter toA RIS dF¥ v d | Tm 05m
Distance Parameters RIS to Receiver df;fy, did o 1 m, 0.5m
Transmit Antenna Spacing dx 0.1 m
Receive Antenna Spacing drx 0.1 m

Effective Rank
3

)

Lo o
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@

Fig. 3. Effective rank versus power ratio of the RIS-assisted channel for
different numbers of unit cells.

are averaged over 1000 Monte Carlo channel realizations. We
perform the MCA with T' =160 and Ny, = 4.

Fig. 3] demonstrates the effective rank versus power ratio
of the RIS-assisted channel for different numbers of unit
cells. When the power ratio = 0, the MIMO channel
H is only composed of the non-RIS-assisted channel, and
the corresponding effective rank is 1.46. The reason for the
deficient effective rank is the lack of rich scattering in the
propagation environment between the transmitter and receiver.
As « increases, the corresponding power ratio of the RIS-
assisted channel HFSTH' in the MIMO channel H rises.
Consequently, the effective rank of H rapidly approaches 2.
The introduction of the RIS enhances the scattering environ-
ment. This result reveals leveraging the RIS can improve the
effective rank of the MIMO channel.

We also evaluate the achievable rate of the ZF receiver
and compare it with the upper bound as « increases, while
considering varying numbers of unit cells. As shown in Fig. 4]
when N = 16, the achievable rate of the ZF receiver increases
first and then decreases. The upward trend is attributed to
the improvement of the effective rank of MIMO channel H.
The subsequent downward trend occurs due to the limited
number of unit cells, as the gain provided by the RIS-assisted
channel is insufficient to compensate for the losses in the
non-RIS-assisted channel. Thus, when power ratio o of the
RIS-assisted channel HEST'H in the channel H increases,
the corresponding achievable rate actually decreases. However,
when the RIS consists of more unit cells, i.e., N = 32 or
64, the RIS-assisted channel has higher gains. As a result,
the achievable rate of the ZF receiver continues to increase.
Increasing N enhances the achievable rate of the ZF receiver.
This effect becomes more pronounced with larger a.

Additionally, it can be observed that as the power ratio «

Achievable Rate (bps/Hz)

& Upper Bound, N = 16
= Upper Bound, N =32
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Fig. 4. Comparison of the achievable rate for the ZF receiver and the upper
bound with increasing o when considering different numbers of unit cells.

increases, the effective rank of the 2x2 MIMO channel H
approaches the upper limit of 2 in the right region indicated by
the black dashed line in Fig. [3] This result implies that the two
subchannels of H are orthogonal to each other. Meanwhile, the
achievable rate of the simple ZF receiver approaches the upper
bound, as shown in Fig. @] Leveraging the RIS to optimize
the effective rank of the MIMO channel, we can enhance
the MIMO channel itself, simplify the receiver algorithm, and
ultimately improve the overall performance of the system.

V. EXPERIMENTAL MEASUREMENT

In this section, we set up an RIS-assisted 2x2 MIMO
communication prototype to conduct experimental measure-
ments. As depicted in Fig. [5] the transmitter and the receiver
consist of two antennas and the software defined radio (SDR)
platform, respectively. The RIS is placed aside, with its center
aligned with the center of all antennas at the same height,
thereby establishing an RIS-assisted 2x2 MIMO communica-
tion system. The parameters of the fabricated RIS and the
corresponding distances are identical to those utilized in the
numerical simulation.

When the configuration of RIS is completed, the receiver
uses the least squares (LS) method to estimate the overall
MIMO channel H. Subsequently, the corresponding effective
rank of the channel is calculated based on equation (7) as a
metric for the MCA to optimize the RIS configuration. The
achievable rate of the ZF receiver can be obtained by summing
up the achievable rates of each independent data stream after
ZF equalization, which can be expressed as

RIS 1

Rx amennaz.
+

.
Rx antennal

S

Fig. 5. A photo of the RIS-assisted 2x2 MIMO communication prototype.



Fig. 6. Layout of experimental scenarios: (a) Transmitter faces receiver
without RIS, (b) Transmitter faces receiver with one RIS aside, (c)
Transmitter and receiver both face one RIS, (d) Transmitter faces receiver
with two RISs aside, (¢) Transmitter and receiver both face two RISs.

rank(H)
Ry (H,pf") = ) logy (L+p7%), (12
i—1

where pZF is the SNR of the iy, data stream after ZF
equalization. The specific measurement method for each SNR
p?F can be found in Sections IV-D and V-B of reference [12].

In order to modify the power ratio o of the RIS-assisted
channel HISTHY in the MIMO channel H, we alter the
orientation of the antennas towards the RISs. As depicted
in Fig. [6(a), when the transmitter directly faces the receiver
without any RIS, the corresponding « value is 0. In Fig. [f[b)
and Fig. |§kd), where the transmitter faces the receiver with the
RISs placed aside, the corresponding « slightly exceeds 0. As
shown in Fig.[6{c) and Fig.[6[e), when both the transmitter and
the receiver face the RISs, the corresponding o approaches
1. Furthermore, we evaluated the impact of increasing the
number of unit cells by comparing the results obtained with
one RIS and two RISs. Table [l summarizes the corresponding
measurement results.

It can be observed that when using one RIS (N = 16), the
achievable rate of the ZF receiver R increases from 17.7 to
19.4 bps/Hz at the beginning and then decreases to 18.9 bps/Hz
as « increases. Meanwhile, the effective rank rises from 1.53
to 1.96. However, when using two RISs (V = 32), R7F*
continuously increases by 13.6%, from 17.7 to 20.1 bps/Hz
as « increases. Simultaneously, the effective rank rises from
1.53 to 1.96, obtaining a 30.1% increase. In scenarios where
the RIS-assisted channel dominates H, as depicted in Fig. [6{c)
and Fig. |§ke), adding one RIS (increasing N from 16 to 32)
leads to a 1.2 bps/Hz increase in R7E*. The measurement
results are consistent with the simulation results and verify
that RIS can be effectively used to optimize the effective rank
of the channel and improve the system performance.

VI. CONCLUSION

In this study, we proposed an efficient RIS optimization
method to enhance the effective rank of the MIMO channel for
achievable rate improvement in RIS-assisted systems. Through

TABLE II
RESULTS OF THE EXPERIMENTAL MEASUREMENT
AR
No. o and N erank(H) @dB) | (dB) | (bpsHz)
a a=0 153 266 | 271 | 177
« slightly exceed 0
b N 16 1.70 279 | 302 | 194
c ¢ afj’{’,“;aclges ! 1.96 28.1 | 288 | 189
« slightly exceed 0
d N3 1.65 28.1 | 295 | 192
e o approaches | 1.99 302 | 304 | 201

numerical simulations and experimental measurements, we
have confirmed that RISs can be utilized to improve the
effective rank of the MIMO channel as well as the achievable
rate effectively. The results show that the RIS-assisted MIMO
channel optimized using MCA, compared to the scenario
without RIS, exhibited an increase of 30.1% in effective rank
and a 13.6% achievable rate improvement. Based on these
promising findings, our study reveals the superior performance
of RIS in optimizing MIMO channels, which highlights the
potential applications of RISs in future networks.
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