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ABSTRACT Reconfigurable intelligent surface (RIS) is thought to be a potential key technique for future
wireless communications due to its ability for manipulating the electromagnetic environment smartly. This
paper focuses on the rank and capacity analysis when a RIS is introduced into a multiple-input multiple-
output (MIMO) system. By establishing a system model for this communication system, various simulations
are conducted for identifying the characteristics of the channel. The simulations of different distance
between the access point (AP) and user equipment (UE) show that the condition number of the channel
is worsen when the distance increases and the role of the RIS in rank improvement is weaken. The spatial
distributions of the reciprocal condition number of the channel which corresponds to the RIS locations are
obtained and rank-deficient zones are found in different AP, UE and RIS configurations, which depicts the
spatial characteristics of the RIS-assisted MIMO channel. The simulations also indicate that the condition
number of the channel not only varies with the RIS location, but is also affected by the antenna array
size and orientation of AP and UE. In addition, when the AP has a larger amount of antennas than UE,
it is advantageous to place the RIS near the UE rather than the AP to achieve better channel condition.
Modulation and coding schemes are applied in the simulations for comparison and capacity improvement is
witnessed. Beneficial suggestions for RIS deployment in the MIMO system are concluded according to the
simulation results.

INDEX TERMS MIMO communications, reconfigurable intelligent surface, rank analysis, capacity

improvement

. INTRODUCTION

ECONFIGURABLE intelligent surface (RIS), also

known as intelligent reflecting surface (IRS) [1], large
intelligent surface (LIS) [2], among others [3], [4], has
become a hot topic in wireless communication community
as it brings in new opportunity for fading and blockage
settlement in high frequency for beyond-5G and future 6G
communications. RIS consists of a large number of specially
designed elements in the size of sub-wavelength [5], [6].
These elements form a low-profile 2D reflecting or transmis-
sion array, which is able to manipulate the phase, amplitude,
polarization or frequency of the incident electromagnetic
waves. With the tunable electronic circuit embedded in the
element, for example [7], [8], a reflection-type RIS is able
to steer the incident wave of a specific frequency band to
the desired reflecting direction in real time, generating an

anomalous reflection [9] rather than a specular reflection,
and thus is capable of creating an intelligent electromagnetic
environment for wireless communications [10], [11].

When it comes to high frequency regime, path loss and
signal blockage become severe in wireless communications,
which seriously limits the service range of an access point
(AP) and lowers the transmission energy efficiency. RIS is
found to be a low-cost and promising technique for com-
bating blockage and path loss [12], [13] and outperforms
its counterpart relay nodes [14]-[16]. Integrating the RIS
into current MIMO system is one of the prevalent research
recently. Achievable rate in the RIS-aided SISO system was
analyzed in [17] and the author found that the codelength
can be greatly reduced when RIS was employed in the
system. RIS was applied for optimizing the channel capacity
in [18] for indoor millimeter-wave (mmWave) MIMO com-

VOLUME x, theyear

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI

10.1109/ACCESS.2021.3113917, IEEE Access

J. Yang et al.: Capacity Improvement in RIS-assisted MIMO Communications

IEEE Access

munications and two optimization schemes were provided.
Passive beamforming and receiver design for enhancing the
uplink transmission were proposed in [19] for the RIS-
aided multi-user MIMO system whereas the balance between
power efficiency and spectral efficiency was discussed in
[20]. Cutoff rate was adopted in [21] as the metric for
mutual information optimization in RIS-aided MIMO system
optimization. Efforts have been put into signal enhancement,
service range extension [22], [23] and relevant researches
for RIS applications, such as beamforming design [1], [24],
energy efficiency optimization [25] and channel estimation
[26], [27].

The direct link between the AP and UE is usually set to
be blocked or the signal of the line-of-sight (LOS) path is
assumed to be extremely weak and can be neglected in many
of the recent studies, so as to highlight the ability of RIS
for tackling the blockage and path loss in high frequency
communications. Nevertheless, do we need RIS when there
is no blockage and the receiving signal strength is good in
wireless communications? Considering the MIMO system in
a central park or a golf course covered by grass land and
bushes but with rare buildings nearby, the lack of multi-path
reflectors in the environment leads to a rank-deficient chan-
nel. Hence, the channel capacity is limited even if the UE has
two or more receiving antennas. In a spacious public square
where only the LOS signal is significant, the MIMO channel
is also rank-deficient. Based on these rank-deficient scenes,
this paper investigates the rank and capacity improvement by
introducing RIS to the MIMO system.

Rank improvement in single-user MIMO system was re-
ported in [28], but the antenna array sizes and orientations
of both AP and UE are fixed in their study. We implement a
simulation platform for RIS-assisted MIMO system, in which
flexible location, orientation and array size are allowed for
AP, UE and RIS. The array size refers to the number of
antennas of the 2D antenna array equipped at AP or UE and
the number of reflecting or transmission element of the 2D
array mounted on a RIS board. The commonly used uniform
rectangle array (URA) configuration is chosen in our simula-
tions and the array size is denoted as number of rows times
number of columns. A new model is chosen for evaluating
the path loss of the cascaded RIS-scattering channels. The
reciprocal condition number of the channel are calculated for
different distances between AP and UE for rank analysis.
The location of RIS is also taken into consideration and
the distributions of reciprocal condition number are obtained
with in a squared region. The impacts of array size of AP
and the relative orientation between AP and UE to the rank
improvement are also analyzed. In addition, modulation and
coding schemes (MCS) [29] are considered in the capac-
ity calculation. Uniform power allocation, instead of water-
filling algorithm as in [28], is adopted in the simulations.
Optimal installing location and orientation for RIS in MIMO
system was discussed in [30] according to the signal-noise-
ratio (SNR) at UE, but only the non-line-of-sight (NLOS)
path is of concern. The optimization of RIS orientation and
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location for coverage extension was presented in [31] but a
full picture of the capacity distribution within the coverage
area was not given. This paper, on the other hand, inspects
the performance improvement of MIMO system with the
assistance of RIS when both LOS and RIS-scattering paths
exist between the AP and UE. Our simulations and analysis
offer insight into the characteristics of RIS-assisted MIMO
channel, which helps clarify some important issues for RIS
deployment.

The rest of the paper is organized as follows. Section
IT introduces the channel model of the RIS-assisted MIMO
system under the local coordinates and far-field assumption.
Section III presents simulation data and analysis of the RIS-
assisted MIMO system. The impacts of AP-to-UE distance,
array size and orientation of AP to the condition of the chan-
nel are investigated. The optimal location for RIS placement
is also discussed in the simulations. Channel capacity of
the LOS channel and that of the RIS-assisted channel are
then compared. Besides the Shannon capacity, capacity of
64QAM and 256QAM schemes are also calculated for com-
parison. The capacity distributions under 256QAM scheme
within the service area of a RIS are simulated under two
scenarios: (1) UE with fixed orientation, (2) UE with random
orientation. Finally, the conclusion is drawn according to the
simulation results.

Il. SYSTEM MODEL
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FIGURE 1. Local coordinates for a given array.

As shown in Fig. 1, we first introduce a local spherical
coordinates and a local Cartesian coordinates for a given
antenna array. The origin of both coordinates locates at
the center of the array and the pole axis of the spherical
coordinates coincides with the positive z-axis of the Cartesian
coordinates. It is more convenient to analyze the channel
characteristics with the elevation angle 6 and azimuth ¢
in the local spherical coordinates, where § € [0, 7] and
¢ € [0, 27]. The spherical coordinate is also used as a global
coordinates for depicting the location and orientation of the
antenna arrays in this paper. The location and orientation of
an array can be determined by the array center (x., Y, 2c),
the elevation angle 6 and the azimuth ¢, where 6 is the angle
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TABLE 1. AoD and AoA pairs in AP-RIS-UE system

Source Destination Channel AoD AoA
AP UE H; (012, 012) | (021, 21)
AP RIS Ho (013,013) | (031,%31)
RIS UE Hoo (032, 032) | (B23,23)

spanned by the positive z-axis and the normal vector of the
array and ¢ is the angle spanned by the positive x-axis and
the projection of the normal vector of the array on the x-y
plane. For example, if the array lies in x-z plane with normal
vectorn = (0,—1,0), then § = 7/2 and ¢ = 37/2.

FIGURE 2. RIS-assisted wireless communication system model.

The RIS-assisted MIMO system considered in this paper
consists of an AP with N, = N; ,, x Ny , antennas, a UE with
N, = N, x N, , antennas and a RIS with M = M, x M,
elements, as shown in Fig 2. The subscript  and y indicate
the direction of the given array as shown in Fig. 1. Only
reflection-type RIS is considered in this paper. We denote the
antenna spacing of AP and UE as d; and d, respectively and
the spacing of reflecting element of RIS as dr. The signal
received at UE can be expressed as

y = (VBiH: + VB Hn®Hz ) ws 41, (D)

where H; € CV-*t ig the LOS channel between the AP
and the UE whereas Hy; € CM*Mt and Hyy € CN-XM
are the cascaded channels between AP and RIS and between
RIS and UE, respectively. Both Hy; and Hs5 are assumed to
be LOS channels due to the lack of surrounding reflectors.
The diagonal matrix ® € CM*M represents the phase
shift imposed to the incident wave by the RIS elements and
w € CNt*K ig the beamforming precoder at AP for the K-
stream information vector s to be transmitted to UE. The
noise term n is assumed to be an additive white Gaussian
noise vector with each entry of zero-mean and variance o2,
ie.n ~ CN (O, 021). Under the far-field assumption, H;,
H>; and Hss can be determined by the corresponding angle
of departure (AoD) and angle of arrival (AoA) pairs listed in
Table 1. The elevation angle 6 and azimuth ¢ is defined in the
local spherical coordinates (Fig. 1). Four steering vectors are
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obtained according to the AP-to-UE AoD and AoA,

Vig, = [1,61%2@’ e 7€j(Nt,m*1)¢12,m:| ’ )
Vi, = [17 ELIPRI ,eJ'(Nt,y—l)qsu,y] )
Vi, = [Lem].z’ e 7ej<1vt.x—1>¢21,m} ’ )
Vo, = [1’ AT ’e.j(Nt,y—1)¢21,y} , (5)

where the phase gradients are calculated as following,

¢12,5 =kd; sin 612 cos 12, (6)
$12,y =kd; sin 012 sin 12, @)
¢21,0 =kd, sin 021 cos a1, (8)
®21,y =kd, sin 021 sin @aq, )

with & = 27 /A, X being the wave length of the carrier wave.
The LOS channel H; can then be expressed as

H) = (Vo1 ® Var )7 (Vige ® Vigy), (10)

where the operator ® denotes a Kronecker product and the
superscript H represents a conjugate transpose. Similarly,
H>; and Hss can be calculated using the AoD-AoA pairs
[(013,013), (031, 031)] and [(032,32), (023, @23)], respec-
tively. With the design of the diagonal phase-shift matrix
® at RIS, we can simplify the RIS-scattering channel as
H,; = Hy>®PH>; and the overall channel of the communi-
cation system can be written as

H = /6iH; + /5 Hs, (1)

where ;1 and (o are the path losses of the LOS channel
and the RIS-scattering channel. For the RIS-scattering path,
different path loss models have been proposed [32]-[36] and
we adopt the model in [36] which takes into account the
incident and reflection angles of the electromagnetic wave
on a RIS,

M, M.d3%
B2 = gigr (47Td1d2

where d1, ds are the distances of the AP-to-RIS and RIS-to-
UE paths and gy, g, are the transmitting and receiving gains.
The following free-space path loss model is applied for the
LOS channel between the AP and UE,

By =324+ 20logy, f + 20log,od (dB),  (13)

2
) I'% cos 031 cos O3, (12)

where f and d denote the carrier frequency in GHz and the
distance of the LOS path in meter.

In far-field regime, we know that H; is a rank-one matrix
and no more than one stream can be transmitted to UE
simultaneously regardless of UE with multiple antennas. The
placement of a RIS as a passive beamforming component
in the communication system gives rise to a new scattering
path. The singular value decomposition (SVD) of the overall
channel H offers a clear view of the rank improvement.
The rank of the overall channel can be determined by the
number of singular values that exceed a certain threshold.
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In practice, the rank of the channel is the average value
of repeated measurements and may be a non-integer value.
For the UE with 1x2 antenna array, a condition number
is defined as A1/A2, where A; and Xy are the first and
second singular values. A large condition number indicates
a singular (or rank-deficient) channel. The condition number
tends to be an unbounded value when ), is extremely small
and it is troublesome to generate smooth plot when such
value is included in a data set. Hence, we prefer the reciprocal
condition number (rcond),

rcond = \p /)1, (14)

as the metric in this paper. The rcond is close to 1 if the
overall channel H is well-conditioned whereas the rcond
approaches zero if the channel is rank-deficient. The spectral
efficiency, an indicator for the capacity of the system, can be
calculated by the singular values as follow,

N,. 2
=Y log, <1+ P“’“), (15)

o2
k=1

where Py, is the power allocated to the k-th stream signal and
A7 is the k-th singular value of HH" . Usually, the water-
filling algorithm is applied for the power allocation to achieve
the best spectral efficiency in MIMO system. However, when
MCS is considered, 64QAM or 256QAM for example, there
are occasions that the AP-to-UE path has excellent SNR
(SNR saturation) whereas the SNR of RIS-scattering path is
poor and the RIS-scattering path should be allocated more
power, which is conflict with the water-filling strategy and
other suitable algorithm should be considered. To balance the
performance and complexity, the averaged power allocation
method is preferred in industrial implementation.

Owing to the assumption that H;, Hy; and Hy, are LOS
channels, by applying SVD to Hy;, Hao,

H,, =U,; 3, VY, (16)
Hso :szzvf, an

the optimal phase-shift matrix ® can be determined by the
left-hand-side singular matrix U; of Hy; and the right-
hand-side singular matrix V¥ of Ha,. Similarly, the optimal
precoder w for AP antenna array can be determined by the
right-hand side singular matrix of the SVD result of the
overall channel H. Hence, the phase-shift matrix ® at RIS
and the precoder w at AP will not be involved in the channel
analysis.

lll. SIMULATION RESULTS

A. RECIPROCAL CONDITION NUMBER VERSUS
AP-TO-UE DISTANCE

This section investigates the rcond of the RIS-assisted MIMO
channel with different AP-to-UE distances. If the rcond is
used as the metric of the MIMO channel, it is difficult to
foretell the optimal location for the RIS placement when the
AP and UE are fixed. For one thing, it is better to increase
the angles spanned by the LOS path and the RIS-scattering
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FIGURE 3. Top view of AP, UE locations and the squared region for RIS
placement.

TABLE 2. Parameters for the simulation Ill-A

Parameter Value

Carrier frequency f=3.5GHz

Array size of AP, UE and RIS Ni=N,=1x2 M=16 x 32
(rows X columns)

Element spacing of AP, UE
and RIS arrays

Heights of AP, UE and RIS
Horizontal distance between
AP and UE

Orientations of AP
Orientations of UE
Transmitting power per ele-

d¢ = dr = dr = 0.5\
ht = 12m, h/r- = 1.5m,hR = 3.5m
d = 30m, 90m, 200m

0 =7/2, 0 =7/2
0r = 7/2,0r = 3m/2

Pt = 5dBm
ment
Noise power 02 = —97dBm
Antenna gains at AP and UE | G; = G, = 3dBi
Reflection coefficient of RIS =03

elements

path (a1 and as in Fig. 2), so as to weaken the correlation
between the LOS channel H;and the RIS-scattering channel
H,. In other words, the RIS should be placed far away from
both the AP and UE. For another, the path loss of the RIS-
scattering channel should be limited for good SNR, which
means it is better to place the RIS close to the AP or UE. The
optimal location for RIS placement should balance the path
loss and channel correlation.

In order to find out the impact of the RIS location to the
rcond value, a squared region bounded by the AP and UE
locations (Fig. 3) is traversed with fixed sampling spacing
Ad=1m in x- and y-direction and each sampling site is
a candidate for placing a RIS. The simulation is carried
out with the parameters summarized in Table 2. For each
sampling site in the squared region, optimal orientation and
phase-shift matrix ® is assumed for the RIS. The orientation
that minimizes the incident and reflected angle 63; and 635
is chosen as the optimum [9], [36], which enhances the
beamforming gain of the RIS-scattering beam thereby. The
overall channel H then can be calculated by (1)-(13) for each
RIS location and the rcond value corresponding to the RIS
location can be obtained by (14).

The simulation results are shown as contour plots (Fig. 4)
with the value of each point in the contours represents the
reciprocal condition number of the overall channel of the
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FIGURE 4. Contours of reciprocal condition number with horizontal distance
between AP and UE d = 30m (a), 90m (b) and 200m (c). The solid black lines
indicate the locations and orientations of AP and UE, but not represent the
actual size of the antenna arrays.

RIS-assisted MIMO system when the RIS is placed at that
position (with z=3.5m). It is clear that there are extremely
low value zones in the vicinity of the AP-to-UE LOS path for
different AP-to-UE distance. Within these zones, the rcond
value is close to zero and the channel rank is deficient. It
is vainly to place a RIS in such zones for channel rank im-
provement. When the AP-to-UE distance increase, the total
distance of the cascaded AP-to-RIS and RIS-to-UE paths
is increased correspondingly and that leads to larger path
loss. The path loss of the cascaded AP-RIS-UE path is more
sensitive to the distance and the gain of the RIS-scattering
path drops more than the AP-to-UE path. As a result, the
rcond values become smaller with the increase of the AP-
to-UE distance, but the rcond distributions keep symmetric.
For the case d=30m, the optimal location for RIS is (15,
16, 3.5) and the maximum rcond value reaches 0.32 but for
d=200m, the maximum rcond value shrinks to 0.05 with RIS
placed at (101, 103, 3.5). Consequently, the RIS-assisted
MIMO system will still be rank-deficient when the UE is
extremely far away from the AP even when the RIS is not in
the rank-deficient zone and the maximum AP-to-UE distance

6

that a RIS is still applicable for rank improvement is yet to
be determined by field test. The largest rcond value does not
appear at the left or right boundary of the squared region,
which proves that the optimal location for RIS is the place
where the correlation and path loss between LOS channel and
RIS-scattering channel are balanced.

A near-field model should be more accurate when the RIS
is placed close to the AP or UE, but the simulation results
are not affected significantly when the sampling sites are not
extremely close to the AP or UE. In most scenarios, APs
and UEs are usually not in the near-field region of the RIS,
unless the RIS is used as a transmitting array [37], [38]. In
addition, the beamforming gain of a near-field model is not
guaranteed if accurate position information is not available
and the performance of the system may not be as good as
that with a far-field model.

0.124

0.122 (Bx8)  (16xp)

0.120

0.118

0.116

Reciprocal condition number

1x2)  (2x2)
0.114 (4x2)

0.112

2 po > 2 2> 26 7
Number of antennas of AP

FIGURE 5. Reciprocal condition number versus array size of AP. The array
shapes (rows x columns) are annotated at each data point.

B. RECIPROCAL CONDITION NUMBER VERSUS
ANTENNA ARRAY SIZE AND ORIENTATION OF AP
According to (12), RIS with more reflecting elements,
thereby larger array aperture, is more capable of coping
with the path loss, which is coincident with the conclusion
in previous researches [1], [24]. Under the same AP and
UE configuration, greater rcond value of the overall chan-
nel can be obtained with RIS of more reflecting elements
affirmatively. However, the impact of the antenna array size
of AP on the rcond has not yet been discussed. In order
to find out the potential impact of different antenna array
size at AP side, we reuse the case d=90 m in Section III-A
and the parameters are identical to Table 2 except that the
antenna array size of AP IV; is chosen to be 1x2, 2x2, 4x2,
4x4, 8x4, 8x8 and 16x8. Besides, the RIS is fixed at (-
46, 47, 3.5), where the maximum rcond value is obtained
(Fig. 4b). For this RIS location, the optimal orientation for
RIS is # = 86.04° and ¢ = 1.05°. Accordingly, we have
031 = 45.09°, w31 = 173.29°, O35 = 45.09°, w39 = 353.29°
and the simulation results are shown in Fig. 5. An interesting
3-step rcond curve with slight drops in each step section is
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FIGURE 6. Contours of reciprocal condition number with AP of array sizes (a) 4x2, (b) 4x4, (c) 8 x4 and (d) 8x8.

witnessed along with the increase of the number of antennas,
which is quite counter-intuitive but also reasonable. One
inconspicuous clue is that the array size of AP only increases
in vertical direction at each step section of the rcond curve.
For instance, the first step section has 3 data points and
each point is obtained under the same number of antennas
in horizontal direction and increasing number of antennas in
vertical direction.

From the beamforming point of view, the increase of num-
ber of antennas in vertical direction narrows the transmitting
beam in vertical direction and thus enhances the vertical
resolution of the channel. In other words, the correlation
between H; and H> in vertical direction will be weakened.
However, the locations of AP, UE and RIS indicate that the
correlation between channel H; and Hs relies more on the
resolution of the transmitting beam in horizontal direction.
Furthermore, the horizontally aligned 1x2 antenna array at
UE side is in lack of vertical resolution and thus is not
sensitive to the beam width in vertical direction. As a result,
the increase of antenna array size at AP side in vertical
direction does not mitigate the correlation between H; and
H,, significantly and three steps appear in the rcond curve in
Fig. 5. The slight drop in each step section in rcond value, on
the other hand, is due to the different beamforming gain of the
AP antenna array at different transmitting direction. A beam
transmitted at normal direction of a given antenna array has
larger beamforming gain than those transmitted in oblique
direction and the beamforming gain is roughly proportional
to the square of the array size, which indicates that the dif-
ference of the beamforming gain between normal-direction
and oblique-direction transmission will be enlarged when
the array size increases. Consequently, when the array size
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only increase in vertical direction, the correlation between
the LOS channel and the RIS-scattering channel is almost
unchanged, but the power gain difference between the two
channels are amplified, and the superposition of these two
factors leads to a slight drop in each step section of the rcond
curve in Fig. 5. It should be noted that the rcond value is
merely increased by 10.2% when the number of AP antennas
changes from 2 to 128 for this RIS location.

To further address the impact of the antenna array size
of AP to the RIS-assisted MIMO system, we traverse the
squared region again for the rcond distributions correspond-
ing to different AP configurations and the rcond values are
contoured in Fig. 6. The rcond distribution changes scarcely
when the antenna array size increase only in vertical direction
(Fig. 6b and c), which is similar to the conclusion of Fig. 5.
However, with the increase of the AP array size in horizontal
direction, the maximum rcond value increases significantly
and the optimal location for the RIS placement moves to-
wards UE side. Consequently, the optimal location for RIS
placement is also affected by the array sizes of AP and UE.
Slight asymmetry with respect to the LOS path between AP
and UE are shown in the rcond contours in Fig. 6 and the
Kronecker-product-type channel model should account for
such asymmetry.

The antenna arrays of AP and UE are assumed to be in
perfect alignment in previous simulations. However, due to
its mobility, the UE is not always in good alignment with
AP in real environment. Based on the previous simulation
setup (d=90 m), we next probe into the situation that the
AP and UE are not perfectly aligned. The antenna array
size of AP is set to be 8 x8 and three orientations of UE,
©=120°, 150° and 180°, are chosen for comparison while
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FIGURE 7. Contours of reciprocal condition number with different UE
orientation; (a) ¢, = 120°, (b) ¢, = 150°, (c) ¢, = 180°.

other parameters are kept unchanged. The rcond contours
for different UE orientations (Fig. 7) clearly illustrate that
when the AP and UE antenna arrays are not perfectly aligned,
the spatial pattern of rcond value rotates with UE but the
maximum values are still lies in the vicinity of UE. Moreover,
the rank-deficient zone is enlarged when ¢,.=150° and 180°,
compared with Fig. 6(d). That means the region which is
suitable for RIS placement shrinks when the antenna arrays
of AP and UE are not perfectly aligned. Moreover, these
results imply that there is no absolute optimal location for
RIS placement unless the UE orientation never changes.
Fortunately, this problem is alleviated when another metric,
channel capacity, rather than the rcond value is of concern, as
demonstrated in the following section.

C. CAPACITY UNDER MODULATION AND CODING
SCHEMES

The rcond value measures the rank of the RIS-assisted
MIMO channel but does not indicate the channel capacity
directly. To find out the capacity improvement with the
assistance of RIS, the case of different antenna array sizes
discussed in Section III-B (Fig. 5) is reconsidered. When
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FIGURE 8. Comparison of channel capacity with and without the assistance
of a RIS at a fixed location.
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FIGURE 9. Contours of (a) Shannon capacity, (b) capacity under 64QAM
scheme and (c) capacity under 256 QAM scheme.

MCS is considered in real communication system, 64QAM
or 256QAM for example, the solution by water-filling al-
gorithm may not be optimal anymore and uniform power
allocation is preferred in wireless communication industry as
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a tradeoff between performance and system complexity. As
shown in Fig. 8, the Shannon capacity and capacities under
64QAM and 256QAM schemes are simulated with uniform
power allocation strategy (dashed curves) and compared
with the capacities in the absence of a RIS (solid curves).
Obviously, the classical Shannon capacity increases steadily
with the number of AP antennas. Compared with the MIMO
system with only LOS channel, the Shannon capacity of the
RIS-assisted MIMO system is improved significantly. The
channel capacity under 64QAM and 256QAM schemes are
doubled compared with LOS channel capacity when enough
antennas are equipped at the AP side but the capacity stops
increasing when the number of AP antennas reaches a certain
amount, which can be regarded as an SNR saturation. That
is, when the SNR reaches a certain threshold, continuously
increase of the SNR will not promote the channel capacity
anymore.

When channel capacity is adopted as the metric for choos-
ing the optimal RIS location, we would like to verify that
whether the optimal location for RIS is the same as that
indicated in the rcond contours in previous simulations. Re-
considering the case that d=90m and ¢, = 150° (Fig. 7b),
the Shannon capacity and capacities with MCS are simulated
for each sampling site in the squared region (Fig. 9). The
Shannon capacity are higher when the RIS is close to UE
(Fig. 9a), which is in agreement with the rcond distribution
in Fig 7(b) and the low capacity region partially overlaps the
rank-deficient zone as in Fig. 7(b). The large incident and
reflection angles 63; and 032 at RIS account for this low
capacity region as only feeble beamforming gain is obtained
at UE from the RIS-scattering path as indicated by (12). For
the 64QAM and 256QAM schemes, the capacity contours are
less coupled with the rcond distributions and same capacity
is achieved in most sampling sites (Fig. 9b and 9c). That
means the optimal RIS location is no longer confined in a
small region when MCS is applied, which is a good news
for RIS deployment. Extremely low rcond value zones are
found in Fig. 4, but it is hard to determine the exact range of
rank-deficient zone. The capacity contour in which MCS is
applied, on the other hand, shows a clear rank deficient zone
in the squared region and an applicable threshold of singular
value for determining the channel rank can be estimated.

The UE is assumed to be static in previous simulations to
investigate the impact of RIS location to the channel capacity.
In fact, UEs are usually moving targets while AP and RIS are
fixed in most cases. It is important to investigate the capacity
distribution within the service area of the RIS, so as to
analyze whether there are rank-deficient zones in the service
area. Hence, a simulation with fixed AP and RIS are carried
out and capacities within a service area bounded by the AP
and RIS are simulated without MCS scheme. The AP locates
at (0, 50, 12) with 6; = 7/2, ¢, = 0, N; = 8 x 8 and the
RIS locates at (100, 0, 3.5) with g = 7/2, o = 7/2, M =
16 x 32. Two cases are designed for comparison. For case
1, the UE moves in the service area with fixed orientation
@y = 45°. For case 2, the UE alters its orientation randomly
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within the service area. The simulation results show that there
is a narrow low-capacity stripe in the LOS path between
AP and RIS in both cases. Low capacity also appears in the
vicinity of the lower boundary of the service area, which is
resulted from the weak beamforming ability of RIS at these
large reflection angle. The low capacity region near the right
boundary of the service area, on the other hand, is due to
the large path loss in this region. The capacity contour of
the random-orientation case is similar to the corrosion effect
in the image process, compared with fixed-orientation case,
but the capacity distributions are roughly matched and the
low-capacity stripe still exists in the random-orientation case.
The good news is that capacity improvement is witnessed
near the right boundary in random-orientation case. Hence,
the alteration of UE in real applications will not degrade
the system performance. Besides, users usually change the
orientation of their equipment smoothly in daily life and no
abrupt drop of the transmission rate is to occur within the
service area.
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FIGURE 10. Contours of channel capacity with (a) fixed and (b) random UE
orientation within the RIS service area.

With the above simulations and analysis, some beneficial
insights for the RIS-assisted MIMO system are obtained and
important issues concerning RIS deployment can be outlined.
For one thing, the placement of a RIS at a proper location
do help improve the rank and capacity of the MIMO system
but the optimal location for RIS varies with the orientation
of UE according to the rcond value. It is better to place the
RIS near the UE for capacity improvement when the antenna
array size of AP is larger than that of UE. For another, there is
still rank-deficient zone despite of the deployment of a RIS.
The rank-deficient zone lies in the vicinity of the LOS path
between AP and UE in the case that AP and UE are fixed and
RIS installment in such zone should be avoided. The rank-
deficient zone lies in the LOS path between AP and RIS in the
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case that AP and RIS are fixed and no capacity improvement
is expected when UE moves in such zone. Additionally, the
application of MCS (64QAM and 256QAM for example)
lowers the capacity improvement but the optimal location for
a RIS is easier to be determined as the rank-deficient zone is
confined to a narrower region. As it is mentioned in Section
I, when it comes to mmWave band or even terahertz band, the
path loss becomes severe and the service range of a RIS will
be shrank. However, the channel becomes sparse [39], [40]
and the rank of the channel tends to be deficient in higher
frequency, especially in terahertz band. Hence, RIS is going
to play a more important role in mmWave band and terahertz
band.

IV. CONCLUSION

The rank and capacity improvement of the MIMO system
with the assistance of a RIS is discussed in this paper. With
various simulations, the spatial characteristics of the RIS-
assisted MIMO system is investigated. The impact of RIS
location, antenna array size of AP and relative orientation be-
tween AP and UE to the system are taken into consideration
in the simulations. The capacity improvements under MCS
are also simulated and compared with the classical Shannon
capacity. Rank-deficient zones are found in the RIS-assisted
MIMO system which offers guide for RIS deployment and
coverage area planning. The antenna array size of AP plays a
limited role in channel rank improvement when RIS location
is fixed. When MCS is considered in real communication
applications, the reciprocal condition number is no longer
a good metric for the selection of optimal RIS location due
to the SNR saturation effect. The changeful UE orientation
adds to the complexity of finding an optimal location for
RIS placement as the rank-deficient zone will be distorted
and expanded in some occasion. The mobility and randomly
orientation variation of UE also give rise to capacity fluctu-
ation within the RIS service area, but fortunately, capacity
improvement can still be expected within the service area.
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