Channel Modeling for Reflective Phased Array Type RISs in
mmWave Networks

Joonas Kokkoniemi and Markku Juntti
Centre for Wireless Communications, University of Oulu
forename.surname@oulu.fi

ABSTRACT

This paper looks into channel modeling of the phased array type re-
configurable intelligent surfaces (RISs) in the millimeter Wave band
(mmWave, 30-300 GHz). The RISs have been under intense investi-
gation lately for their ability to provide control on the mmWave
sparse channels. This has been shown to improve coverage and
signal levels in environments where line-of-sight (LOS) paths can-
not be guaranteed. In this paper, gain properties of the RISs in
LOS channels are analysed with respect to frequency and size. It is
shown that the RISs provide the best gain compared to LOS links
at lower frequencies due to larger RIS size for the same number of
antenna elements. On the other hand, high gain RISs tend to push
the near field far away from the array in the low frequencies. These
observations mean that different parts of the mmWave band have
advantages and disadvantages when utilizing RIS assisted channels.
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1 INTRODUCTION

The future communication systems look for the extreme data rates
in the millimeter wave band (mmWave, 30-300 GHz). The mmWave
frequencies along with the THz band (300 GHz - 10 THz) offer
opportunities to increase the data rates drastically by increasing
the transmission bandwidths [1, 16]. Within such a vast spectrum
of frequencies, there are plenty free bands for communications
offering bandwidths ranging from few gigahertz to tens of gigahertz.
While potential for variety of high data rate applications, the high
frequencies present some challenges in efficient utilization.
Among those are challenges with efficient hardware that gener-
ate high power and linear response with extremely high bandwidths.
The high channel losses [13] and poor penetration through walls
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and other objects [20] render the mmWave channels sparse. The
sparsity of the channels included with high gain requirements for
the antennas lead to challenges in channel estimation, that is, in
finding the best communication channels [11]. One very popular so-
lution in research have been the reconfigurable intelligent surfaces
(RISs), or intelligent reflective surfaces (IRSs) [7].

The RISs give control of the channel to some extent to the base
stations by their ability to reflect the incoming waves toward anoma-
lous direction by manipulating the phases of the incoming signals
[7]. This means that in situations where LOS path is likely to be
blocked, the RISs can steer the beam “behind the corner”. By smart
placement, the RISs can extend the cell coverage far beyond that
of what a single fixed access point could. Thus, the RISs are acting
similarly to relay stations, but with simplified hardware [8].

The RISs are often assumed to be passive in a sense that they
do not receive the signals and cannot therefore adjust the phases
independently [7]. The control is instead done at the base station
and fed to RIS via dedicated control channel (wired or wireless).
This leads to low operational and manufacturing costs, but does
make the channel estimation more challenging as the base station
needs to be able to optimize its own transmissions as well as the
RIS phases jointly or sequentially [12]. There are multiple types
of RISs, but most commonly metasurface and reflecting phased
antenna array solutions are considered in the literature [7]. In
this paper, we focus on the antenna array type RISs, whereas the
metasurface based RISs are briefly discussed in the next section. The
RISs have been shown in experimental setups to function efficiently
in reflecting the signals in controlled fashion, showing that indeed
great benefits can be achieved with RISs in environments where
line-of-sight (LOS) paths cannot be guaranteed [9, 14, 19, 22].

In this paper, we analyse the channel gain properties compared
to the LOS path gain when utilizing ideal RISs. We start with the
a general channel model for RISs and derive the gain compared
to LOS path in order to analyse the impact of frequency on the
achievable gain. As the antenna structures may be very large at
high frequencies, the near field size is also analysed with respect to
size and configuration of the array. We will show that the frequency
and the number of antenna elements will have great impact on the
gain. Furthermore, depending on the application and environment,
the shape of the RIS may also be part of the design criteria if the
near field of antenna need to be avoided. In short, the gain of the
RIS with fixed number of antenna elements will increase at lower
frequencies due to larger antenna size, but the near field of the
antenna array will increase linearly with the wavelength at the
same time.

The rest of this paper has been organized as follows: A brief look
into the background of the RIS modeling and channel modeling
is given in Section 2, the system model and RIS models utilized
in the analysis, as well as the mathematical analysis are given in
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Section 3, and the numerical results are given in Section 4. Finally,
the conclusions on the results in Section 5 end the paper.

2 BACKGROUND

In this section, we briefly look into the common RIS models and
RIS channel models.

2.1 RIS Modeling

There are many ways to realize the RISs. Two of the most common
ones considered in the literature are metasurfaces and reflective
phased arrays. Metasurface reflectors are structures formed of small
meta-atoms that tend to be mutually coupled and the reconfigura-
bility of the metasurface is obtained, for instance, by geometric
design and tunable materials [7].

A simpler solution from analysis point of view are the reflective
phased arrays. These are essentially normal reflective antenna ar-
rays without the base band or RF units. These structures are often
considered to be fully passive besides some semi-passive structures
where certain set of elements receive and help with the channel
estimation [21]. The antenna array type approach allows individual
phase control at each antenna. Then also the beamforming is simi-
lar to that of the regular antenna array. There is a very wide look
into the RIS modelling, differences between these two different RIS
types, applications, and discussion in [7]

2.2 RIS Channel Modeling

There are quite a lot of papers on channel modelling for RIS assisted
links [2-7, 10, 14, 15, 18, 22]. The core link model in all of these
papers is a compound channel model formed of Tx-RIS and RIS-Rx
links. In the most of the above channel modeling themed works
the link are assumed to be LOS. The main differences come from
the handling of the beamforming. The antenna gains are important
in the RIS modelling as it is possible in close range with high gain
antennas to only illuminate the RIS partially [17]. This leads to
decreased RIS response, but on the other hand the same occurs
with the more common case when RIS captures only a small part of
the incoming radiation. This latter point is analysed briefly in this
paper when we show that the RIS gain decreases with distance.

The channel model utilized in this paper follows our previous
work presented in [15] and it is essentially the same as in many
other papers, but with optimized beamformers such that the channel
gain is given in terms of the antenna gains only. This model is given
in the next section with the main focus on the channel gain by RIS
and the near field radii of different RIS configurations.

3 THEORETICAL RIS RESPONSE

In this section, we provide the system model, the path loss models
for LOS and RIS links, as well as the near field bounds that depend
on the array configurations.

3.1 System Model

The system model used in this paper is given in Fig. 1. It comprises
RIS, Tx, and Rx. Those utilize phased arrays with Ngys;, X Ngpsx
antenna elements at RIS, N7y, X Ny antenna elements at Tx,
and likewise Ngy,y X Ny, antenna elements at Rx. The distances
between the network elements have been given as follows: rry rx
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Figure 1: The system model utilized in this paper.

is the LOS distance from Tx to Rx, rry ris is the distance from Tx to
RIS, and rgys ry is the distance from RIS to Rx. The RIS phase @ is
not modeled in this work as we use stochastic gains based on the
far field propagation models as detailed below.

3.2 Path Loss Models

We use standard LOS channel model in all links. That is given in the
mmWave bands by the Friis transmission equation with molecular
absorption loss as [13]

cze_Ka (f) PTx,Rx
(4rrreraf)?

where Pry is the transmit power, Kk, (f) is the absorption coefficient,
f is the frequency, c is the speed of light, and Gty and Ggy are the
Tx and Rx antenna gains, respectively.

We utilize a RIS model given in [15]. The model therein is given
as

Pry,10s (7, f) = PrxGrxGRrx (1
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Pryris = PrxG1x Grx GRIsTRIS ST,
where rrx rrs and rgys rx are the Tx-RIS and RIS-Rx distances (see
also Fig. 1), Agys is the RIS area (or capture area for the incoming
energy) and Ggys is the total gain of the RIS. We added in a RIS
reflection coefficient, or reflection efficiency Ixis that accounts for
the non-ideal reflection power, although, it’s assumed to be unit in
this paper. It should be noticed that this is the maximum possible
RIS channel gain. That is, the beamformers are fully optimized
in the far field of the array. As a consequence, we obtain the full
channel gain. In reality, the beamformers are estimated from the
channel response and gain will be decreased due to any possible
estimation errors at Tx, Rx, or RIS, as well as due to possible HW
imperfections.

The RIS gain compared to LOS is given by division of (2) and (1)
by setting the total distance in the both models to equal rry ris +
RIS Rx- The resultant gain is given by

(rrx RIS + RIS Rx)?

2 2
47T Ty RISTRIS Rx

©)

Gris,Los = GrisArisIris
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Even with ideally reflecting RIS, we can see that the gain of the RIS
compared to LOS path has certain bounds. Those include the gain
and surface area of the RIS and the distance from the RIS. In real life,
as well as in the ideal configuration, fully covered RIS surface with
d separation distance between the individual elements, the gain
and the size of the RIS are interconnected. In this paper we assume
d = 1/2 separation between the antenna elements. By assuming
fully covered RIS, the total area of the RIS becomes

ARis = [(Nx = Ddx + ex] X [(Ny = Ddy + €], ©

where (Ny — 1)dy + €x and (Ny — 1)dy + €y are the horizontal and
vertical lengths of the antenna array, Ny and Ny are the number of
antenna elements in horizontal and vertical directions, dy and dy
are the corresponding antenna element separations, and ex and €,
give an additional room for realistic antenna element sizes. That
is, the added length in horizontal and vertical directions due to
physical size of the antenna elements. Our assumptions on fully
covered RIS surface hints that e, = €y = dx = dy = d. In any case,
the total effective capture area for energy at RIS has impact on the
total energy for the reflection towards the Rx. Due to limited size,
the distance from the Tx or Rx to the RIS has impact on the energy
captured by this area. Therefore, a finite size RIS tends to lose in
gain to LOS path, but this depends on the size of RIS and distance
to it as it will be shown in the numerical results. The above also
gives away that the gain of the RIS is dependent on the size of the
elements via their area. This in ideal setting leads to diminishing
RIS size as a function of the wavelength, which leads to smaller gain
with fixed number of antenna elements when moving to higher
frequencies.

From above, we can show the the gain of an ideal square RIS as

2 (PTxRIS + RIS RY)

2 2
AT Ty RisTRIS Rx

GrisLos = Nais , (5
where N is the total number of antenna elements in the RIS. The
square RIS also has the smallest near field among the rectangular
RIS structures. This can be a very appealing structure as the near
field of the RIS can be very large with large numbers of antenna
elements. This is looked into in the next section.

The received power of the RIS link is given by (2), but can also
given in terms of (3) (or (5)):

Pry (Ttot) =PRx,LOS (FTxRIS + TRIS,Rx> f) X

(6)
Gris,1.0s (GRisARiss IR1s, PTx RIS + T'RIS,Rx)-

3.3 Near Field of the RIS

It should be evident that the above models for RIS propagation are
only valid in the far field of the RIS (or any other antenna in the
system). However, as the future antenna systems and especially
RISs can be very large to obtain the required gain levels, the near
field of an antenna can be very large. Therefore, in this section we
look into the near field size of an array of various phased antenna
array configurations. We only focus on rectangular arrays here
with different aspect ratios. Linear arrays are omitted as those are
unlikely in arrays with large numbers of antenna elements.
The near field of an antenna array in general case is given by

2D?
Rap = = 7
NF = = (7)
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where RN is the near field radius, D is the maximum dimension
of the antenna, and A is the wavelength. The maximum dimension
of the antenna array is assumed to be formed by the maximum
dimension of the area confined by the antenna elements as

D= \J[(Ne = Dds +exl? + [(Ny = Ddy + €], (®)

where the maximum distance across the antenna D herein with
rectangular arrays is from corner to corner. However, in reality,
the actual dimensions of the antennas depend on the type of the
antenna. Here we use easily tractable mathematical arrays and the
above holds for those.

Then the RIS near field radius is given by

I'NF = %([(Nx_l)dx+€x]2+[(Ny_l)dy_{—ey]z). (9)

Furthermore, for ideal square RIS without the €, the near field
becomes

e = 3 (N =172 (1)

or rny = 4Nd? /A if we assume € to be equal to the antenna sepa-
ration d. As mentioned above, and using the above equations, we
show that the antenna configuration will have a large impact on
the near field size close to large antenna arrays.

4 NUMERICAL RESULTS

In this section, we give the numerical results on impact of the RIS
size at different frequencies on the achievable channel gain and the
size of the near field. The frequencies herein are 30, 140, and 300
GHz, i.e., the far ends of the mmWave band, and the middle point
of the D band (110 - 170 GHz).

The achievable RIS gains with optimized beamformers given by
(3) are shown in Fig. 2. The gains are given for equal distances from
Tx-RIS and RIS-Rx distances that are varied from 5 to 40 meters.
This translates into total distances varying from 10 to 80 meters.
The three different frequencies are given by solid lines for 30 GHz,
dashed lines for 140 GHz, and dash-dotted lines for 300 GHz. We
can see that the RIS gain obviously increases as a function of the RIS
antenna elements. This directly follows from increased surface area
for capturing the energy and more antenna element to bring more
gain. We further see that for fixed number of antenna elements,
the gain decreases when frequency increases. Although the gain
remains constant across the frequencies with constant number of
RIS antenna elements, the surface area of the RIS decreases with
increasing frequency. This leads to the observed loss in the gain.
Lastly, as we can see in (3), increasing distance decreases the RIS
gain. This is due to decreased energy density at the surface of the
RIS when distance is increased.

These results are inline with intuitive behavior of the RISs. The
surface area of the RIS determines how much energy can be redi-
rected at most, the number of antenna elements determine the
maximum gain, and the distance determines the energy distribu-
tion across the surface. Therefore, while very potential technologies,
the RISs have fundamental limits how much gain they can give at
maximum. This gain is therefore important system parameter when
determining the cell sizes when designing RIS assisted networks.

Figures 3-5 give the near field radii of the RIS (or any array) as
a function of the antenna elements. The results are given for two
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Figure 2: RIS gain as a function RIS antenna elements for
various distances and three center frequencies given by solid
lines for 30 GHz, dashed lines for 140 GHz, and dash-dotted
lines for 300 GHz.

options, with the € parameter equal to zero or the antenna element
separation distance d. Although, this only has minor impact on
the near field radii due to d baing rather small. Furthermore, we
give the results for various array aspect ratios. That is, the ratio R
equals the difference in the horizontal length of the array against
the vertical length. As an example, R = 2 means that there are twice
the number of element in horizontal direction than in the elevation
direction (although, the orientation of the antenna does not matter).
For these results, we used pure mathematical ratios and the number
of elements in x- and y-direction is obtained from the total number
of antenna elements N with ratio R as Ny = VRN and Ny =+/N/R.
To have a step between square RIS and one with aspect ratio 2/1,
we used golden ratio (¢ = (1+ V5)/2 ~ 1.618) as one of the ratios.

We can see in Figs. 3-5 that as expected, the near field radius
increases as a function of the number of the antenna elements.
Furthermore, we can see that the aspect ratio of the array has a
major impact on the near field distance. This follows from increasing
maximum dimension as the antenna gets smaller toward some
other dimension. The maximum near field would therefore be given
by a linear array. However, those are very unlikely in RIS type
applications. The main observation here is related to the gain versus
the frequency. When looking at Fig. 2, we can see that a RIS can
theoretically exceed the LOS gain in certain setups. This is most
likely with large numbers of RIS antenna elements at relatively low
transmit frequency. These high gain setups, on the other hand lead
to large near field close to antenna array. In certain situation, such
is in indoors, the near field size has to be small enough to allow high
and predictable gain. Especially in mobile applications where near
field introduces fast fluctuation in the signal levels. As such, the
near field radius may impose some application and environment
specific limits on the RIS sizes even if the physical sizes of high
frequency RISs are most likely quite modest.

Finally, Figs. 6 and 7 give the spatial distribution of the LOS
power and RIS power, respectively, with 32-by-32 RIS, 16-by-16 Tx,
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frequency.

Square RIS, =0
= = —Square RIS, e=d .
RIS x/y ratio R = ¢,
RIS x/y ratio R = ¢,
RIS x/y ratio R = 2,
— = —RISx/yratio R=2,
RIS x/y ratio R = 3,
RIS x/y ratio R = 3,
RIS x/y ratio R = 4,
— — —RIS x/yratio R =4,

~

(98]

\RoXx oo O
A\
\

L T T W T S N N

[\
T
\
\
\
\
)

Near field radius [m]

—
T
\J
\
\!
\
L

0 200 400 600 800 1000
Number of RIS elements

Figure 4: Near field radius of RIS for various RIS aspect ra-
tios as a function of the number of RIS elements at 140 GHz
center frequency.

and 4-by-4 Rx arrays at 140 GHz. We can see that the LOS link gives
roughly at least 20 dB higher Rx power. If we look at Fig. 2, we
see that the distances in the order of about 20 meters or less with
1024 RIS antenna elements gives in fact more gain than the LOS
link. However, the increased distance via the reflected path from
Tx to Rx favors the direct LOS link. This is very much expected
as it is well known from literature than the RISs should be mostly
beneficial in situations where the LOS link is not available.

As a final summary, the RIS gains are dependent on many factors
that do not always favor their gain. Especially in realistic deploy-
ment scenarios where such massive surfaces may be difficult to
realize. However, the ability steer the beams behind the corner
make them very potential technologies for increasing cell sizes,
decreasing the impact of blockage, serving cell edge users, creating
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Figure 6: Received power via LOS link with 16-by-16 Tx and
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virtual multiple-input multiple-output (MIMO) channels, and many
more applications. It thus can be expected that the RISs will be an
important part of the beyond 5G networks.

5 CONCLUSION

The RISs are seen as potential technologies to increase the signal
levels in environments where LOS path cannot be guaranteed. The
RISs are also very potential as low cost range extenders in high
frequency networks where cell sizes are small due to high path loss.
In this paper, we looked into the channel modeling of RIS assisted
systems. The achievable gain with respect to the LOS gain was
analysed against frequency and size of the RIS. It was shown that the
RIS gain decreases with frequency due to decreasing capture area for
the reflected energy. However, at the same time the near field of the
RIS decreases with frequency due to the same reason. This means
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Figure 7: Received power at 140 GHz via 32-by-32 RIS with
16-by-16 Tx and 4-by-4 Rx.

that, depending on the application, there may be limitations on the
size of the RIS (and therefore gain) when far field communications
need to be guaranteed. Whereas, the RIS gain can exceed the LOS
gain with large enough RIS size, the LOS link tends to keep the
upper hand due to shorter propagation distance. The ability to
control the reflection direction at RIS makes them very potential
in high blockage probability scenarios, such as indoor and dense
city centers. Thus, the RISs will be essential part of the future high
frequency communication systems where good channels are very
important.
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