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ABSTRACT: This work, for the first time to our knowledge, describes in detail the incorporation of the numerical and semi-analytical
intelligent reflector scattering models into the modelling framework of the state-of-art dual-polarization three-dimensional geometrical
channel models, where propagation channel impact and antennas impact are separated. The proposed formalism allows indoor coverage
impact studies of the meta reflectors in mmWave and THz radio communication systems. The model considers reflector phase-design,
near-field effects, polarization transformations, incident beam patterns, multipath and diffraction effects, and is confirmed by full-wave
simulations and measurements.

1. INTRODUCTION

The high path losses at high radio frequencies drive appli-
cation of the beamforming techniques in the mmWave and

THz remote nodes (RNs). The presence of walls introduces sig-
nal blockages and/or attenuation, resulting in non-line of sight
(NLOS) propagation between a serving RN and mobile phone
user equipment (UE). In NLOS areas, the received power is
decreased compared to the line-of-sight (LOS) areas, further
limiting coverage. Beamforming has its own limitations too,
such as the maximum sizes of antenna arrays and poor radia-
tion efficiency for extreme steering angles, all of which drive
the exploration of intelligent reflectors.
One of the implementations of the intelligent meta-reflectors

for radio frequency applications is a passive meta-reflector,
which is a plate composed of a ground plane and dielectric
layer, on top of which conductor elements are placed in a sub-
wavelength lattice as shown in Fig. 1. The unit cells of the
lattice may have very different specially designed structures,
which vary across the surface to modify shape of the scattered
wavefront. The total size of the surface might be on the order of
several tens or hundreds of wavelengths. A definitive tutorial
on meta-reflectors is given in [1] and [2].
There have been numerous papers addressing passive reflec-

tors inclusion in wireless channel modeling. Reviewed model-
ing formalisms can be classified into two types — those apply-
ing semi-analytical approaches (phased-array or aperture mod-
els) and those reusing electromagnetic simulation results. In
[3], for an L-shaped corridor, the analytical expressions of the
received signal power after reflection from passive surfacewere
given and validated against ray tracing using software [4] and
measurements. The analytics included first- and second order
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reflections, despite not considering meta-reflectors particularly
and their scattering patterns. In [5], the authors proposed a
model, which allows including polarization-dependent meta-
reflector scattering patterns for double-hop LOS links, with ac-
curate tracking of azimuth and zenith angles of departure and
arrival. However, multipath propagation was not considered,
and reflector scattering patterns were extracted from electro-
magnetic simulations only. In [6], the phase-shift distribution
concept formeta-reflector scattering pattern predictionwas pre-
sented and analytical expressions of the reflected power contri-
bution were derived, but only for two-dimensional incidence
and reflection and single polarization. In [7], a phased array
approach was applied to 10GHz reflector designs and consid-
ered generalized expressions for scattering fields given both az-
imuth and zenith angles variation of scattering pattern and dual
polarization for a LOS propagation path. Multipath propaga-
tion however was not considered in that work. In [8], a review
of various phased arraymodeling approaches of meta-reflectors
was conducted. The authors proposed an extension to account
for diffraction grating effect of the meta-reflectors via Bloch-
Floquet theorem and introduced the average dielectric constant
and modulation index parameters of the surface. The expres-
sions for amplitudes of the Floquet modes are provided in the
MATLAB code in [9]. In [10], the authors extended the model
for non-planar incident waves, given the antennas description.
In [11], the authors presented an effective algorithm for cover-
age modelling with meta-reflectors, where reflector is consid-
ered as a secondary source. Neither of these two papers how-
ever considered channel impact and antennas impact separa-
tion and thus had to be further adapted for thorough compati-
bility with 3GPP-like channel models [12], which would allow
reusing the same computed channel for different antenna types
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FIGURE 1. Typical passive meta-reflector.

and orientations, allowing optimization of antennas orientation
and beam forming codebooks. In [13], a general-purposemodel
for scattering from finite-size metasurfaces was embedded in a
3D ray-tracing simulator and applied to indoor scenario. In that
work, similar to many others, the near-field nature of the scat-
tering was not considered which limited the size of the reflec-
tors for which such coverage models are applicable. In [14],
the authors proposed a method for efficient calculation of the
scattered electric field taking into account the mutual coupling
of unit cells. In [15], the approach for cross-polarization mod-
eling of the reflector-antennas was proposed with a description
of how to apply the Fourier transform for improving the calcu-
lation speed.
The goal of the present work is to develop a model, which

quantifies the changes of signal propagation quality, when in-
telligent reflective surfaces are introduced in the indoor envi-
ronment. The proposed model allows designing the meta re-
flectors, assessing impact of their size, of the RN beams they
operate with, and environment features on the received power
coverage.
This paper is organized as follows. In Section 2, we discuss

the baseline modelling procedure without finite-area reflectors.
In Section 3, we describe how to include a passive reflector on
top of the baseline model. In Section 4, we describe one of the
components of the passive reflector model, namely the scatter-
ing response of the finite reflector and its relation to radar cross-
section. In Section 5, we present a semi-analytical model of the
reflector radar cross-section. In Sections 6 and 7, we present
the outline of the modelling procedure using either analytical
or numerical radar cross-section models. Finally, Section 8
presents the experimental validation of the proposed model. In
appendix, we provide detailed analytical derivation of the pro-
posed model.

2. IMPACT OF MULTIPATH AND MULTIPLE BEAMS
In evaluating the effects of meta-reflectors, it is often as-
sumed that signals predominantly propagate via the Line-of-
Sight (LOS) path, with the Non-Line-of-Sight (NLOS) signal
deemed negligible. While it is accurate that the Reference Sig-
nal Received Power (RSRP) is commonly determined by a LOS
component, it is important to note that even in scenarios where
the LOS path is blocked, and no reflectors are present, the re-
ceived signal power may still be significant. This can occur due

to power reaching the receiver via NLOS paths. The existence
of these NLOS propagation paths can diminish the perceived
impact of reflectors when they are introduced. As a result, cal-
culations that do not consider multipath propagation may of-
ten overestimate the impact of meta-reflectors. Another com-
mon misconception that leads to the overestimation of meta-
reflector’s impact is the assumption that a wireless system op-
erates a single beam with one predominant direction of direc-
tivity, which determines coverage. This assumption overlooks
the fact that commercial Radio Nodes (RNs) operate multi-
ple beams, with beam codebooks designed for omnidirectional
coverage.
Multipath reflections, penetrations of the radio signal, sep-

aration of the propagation channel, and beamforming are all
factors described in stochastic geometrical channel models,
such as 3GPP 38.901 [12], implemented in the QuaDRiGa [16]
channel model, NYU mmWave [17], among others [18, 19].
These models quantify various parameters for NLOS propaga-
tion scenarios, including path losses, shadow fading, and angu-
lar spreads of departure and arrival. However, a limitation of
stochastic models for meta-reflector studies is that finite-area
reflectors can only enhance received power on top of the exist-
ing channel contribution.
In certain cases, it is crucial to consider how the finite area-

reflector replaces the channel contribution of the existing wall
area, characterized by material and slab parameters such as di-
electric constant and loss tangent. Deterministic models, such
as PyLayers [21–23] and Nvidia Sionna [24], offer an alter-
native to stochastic modeling, allowing for the modeling of
azimuth and elevation angles of departure and arrival, propa-
gation path time delays at each obstacle, and amplitudes and
phases of each propagation path, including electromagnetic
wave polarization transformations at each obstacle. The down-
side of deterministic modeling is the difficulty of capturing all
minute environmental details, such as the presence of gridded
metallic supporters within drywalls, which can significantly in-
fluence radio propagation, but whose exact geometry can be
unknown.
The advantage of separating antenna impact and propagation

channel impact, a feature shared by both stochastic and deter-
ministic models, is that it simplifies the computational com-
plexity of multiple beam simulations. This is achieved by ap-
plying beamforming codebooks in post-processing and trans-
ferring the impulse response function (IRF) into channel mod-
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els for link level simulation such as the tapped delay line (TDL)
or clustered delay line (CDL) channels.
For each propagation path τ , we define a 2 × 2 matrix of

complex-valued coefficientsCτ , representing environment im-
pact on the signal. Transmitter (Tx) impact is described by the
gain values of the two electric field components out of the Tx
antenna in the direction of the pathFφ

Tx andFθ
Tx. Receiver (Rx)

impact is described analogously by the gain components of the
Rx antenna Fφ

Rx and Fθ
Rx. As inspired by [12] Eq. (8.4.27), the

IRF at the delay tap τ is given as:

IRFτ =

[
Fθ
Rx

Fφ
Rx

]T
·
[
Cθθ

τ Cθφ
τ

Cφθ
τ Cφφ

τ

]
·
[
Fθ
Tx

Fφ
Tx

]
(1)

For a single LOS path channel coefficient is:

Cτ =

[
Cθθ

τ Cθφ
τ

Cφθ
τ Cφφ

τ

]
=

−jλ0
4π

e−j2πd/λ0

d

[
1 0
0 1

]
, (2)

where d is the distance of propagation, and λ0 is the carrier
wavelength.

3. INCLUSION OF REFLECTORS SCATTERING INTO
THE GEOMETRICAL CHANNEL MODEL
To include the finite-area reflective surface in the geometrical
channel model, we propose amethod illustrated in Fig. 2, where
additionally to the original Tx-Rx channel with path coefficient
matrices CτTR

(where TR refers to Tx->Rx paths set), we per-
form the computation of two additional sets of channel paths:
CτTS

channel paths (from Tx to the reflective Surface center)
and CτSR

(channel paths from the Surface center to the Rx).

FIGURE 2. Channel paths required in the proposed formalism of finite-
area reflectors scattering inclusion into the geometrical channel model.

The channels CτTS
and CτSR

are combined, by drawing all
combinations of paths between these two with the new paths
having delays τTSR = τTS + τSR, departure angles θDTS

,
φDTS

, and arrival angles θASR
, φASR

. As an example, given
three paths from Tx to the reflective surface and four paths from
the surface to Rx, the total number of path combinations will be
4 ·3 = 12. These channels represent propagation paths from Tx
to Rx, each path containing exactly one reflection from the con-
sidered finite area surface. The coefficients matrices of these

channels for each path τTSR are calculated by a double matrix-
product, which extends the transfer matrices product formalism
of [25] for metareflectors:

CτTSR
= CτSR

· RD,A · CτTS
, (3)

where CτTSR
is the newly obtained set of combined channel

paths. ‘TSR′ stands for Tx-Surface-Rx. The paths are com-
bined by means of a special matrix RD,A, which is determined
by the finite area reflector scattering response. Reflector scat-
tering response depends on the angle pair of incidence (arrival)
θATS

, φATS
of the Tx-surface channel path τTS and specific

departure angle pair of scattering θDSR
, φDSR

of the surface-
receiver channel path τSR. The analytical expression for RD,A

is provided further. IndexesD andA thus refer simultaneously
to a specific paths set (TS or SR), paths index (delay component
of the set), and the angle pair type — departure or arrival (D or
A) at the reflector center.
One of the components of the final matrix of Eq. (3) is ex-

pressed as:

Cθθ
τTSR

= Cθθ
τSR

·Rθθ
D,A · Cθθ

τTS
+ Cθφ

τSR
·Rφθ

D,A · Cθθ
τTS

+ Cθφ
τSR

·Rφφ
D,A · Cφθ

τTS
+ Cθθ

τSR
·Rθφ

D,A · Cφθ
τTS

(4)

R coefficients in Eq. (4) are inspired by [6] Eq. (18) β factor,
which in present work is extended for multipath and polariza-
tion tracking. Eq. (4) and consequently Eq. (3) can be under-
stood as follows. There are four ways of how field component
originating asθ field at the Tx arrives asθ field at the Rx. There
are four such contributions to the final field in total and three out
of four experience intermediate transformation into φ compo-
nent at some point: during interactions within Tx-surface chan-
nel, during scattering from the finite-area reflector surface, or
during interactions within surface-Rx channel.

4. SCATTERING RESPONSE
For quantifying scattering pattern of the surface, bistatic radar
cross-section (RCS) metric σ is applied. RCS is different for
each angle of incidence and polarization of the incident wave,
and responsible for making many of the path pairs of theCτTSR

channel insignificant acting as a spatial filter. As we con-
sider separating the scattered electric fields vector components
and calculating individual RCS for each component eD eA, we
write the elements of RA,D matrix as (the derivation provided
in Appendix D):

ReD,eA
D,A =

√
4π

λ20
σeD,eA
D,A e+jβ(dTS+dSR) (5)

λ0 is the wavelength of radio wave, and σ represents the radar
cross-section per pair of the incident electric field vector com-
ponent eA and scattered electric field vector component eD.
The pairs eD, eA represent one of the four possible polariza-
tion component pairs: θDθA, θDφA,φDθA, orφDφA. The
RCS in Eq. (5) can be defined as:

σeD,eA
D,A [m2] = lim

r→∞

[
4πr2

∥EeD,eA
D ∥2

∥EeA
A ∥2

]
, (6)
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(a) (b) (c)

Artificial layout Geometrical model HFSS SBR

FIGURE 3. Test layout for cross-check of the geometrical model in presence of finite surface scattering. (a) Proposed geometrical model extension.
(b) HFSS shoot and bounce method [27].

where the definition of RCS from [26] is applied to individual
field polarization components of the incident eA and scattered
eD electric fields as opposed to the total electric field.
Each component of the incident electric field EeA

A corre-
sponds to the direction of arrival θA, φA of the channel from
Tx to the surface. Each scattered field component EeD

D corre-
sponds to the direction of departure θD, φD of the channel from
the surface to Rx. The relationships between the field compo-
nents and angles of departure or arrival in spherical coordinates
are:

θτ =

cosθτcosφτ

cosθτ sinφτ

−sinφτ

 φτ =

−sinφτ

cosφτ

0

 sτ =

sinθτcosφτ

sinθτ sinφτ

cosθτ


(7)

The resulting set of paths, which is used for defining IRF, is a
concatenation (or merging) of Tx-Rx paths and Tx-surface-Rx
paths. The paths from original Tx-Rx channel, which propa-
gate through the surface of reflector (i.e., reflect from the wall
behind the reflector) must be removed (filtered out) before con-
catenation.

Cfinal = Cfiltered
TR ∪τCTCR, (8)

where ∪τ is the union operation over the two sets of paths. i.e.,
if the first set has 2 paths and the second set 12 paths, the fi-
nal set will have 14 paths. All delay components Cτ of the set
Cfinal in Eq. (8) can be inserted back into Eq. (1) for impulse
response calculations.
To illustrate the modeling approach, we designed an artifi-

cial indoor layout example shown in Fig. 3(a). This layout in-
cludes an isolated room, which receives a boresight beam from
Tx antenna installed at the wall outside the room. The beam
enters isolated room through a 1.5 × 1.5 meters window and
hits a 0.3 × 0.3 meters meta-reflector (as shown in Fig. 1) at
the opposite wall of the isolated room. Meta-reflector tilts the
scattered beam by 30 degrees of azimuth. Side walls at the Tx
side area are spread apart from TX, helping to reduce the impact
of reflections from these walls on the coverage map. As one of
the validations of the proposed method, Figs. 3(b)–(c) show the
comparison of the described geometrical model against Ansys

High Frequency Simulation Software (HFSS) [27] ray shoot-
ing and bouncing simulation, using a rotated metal plate as a
finite-area scatterer. RN uses the 4 × 8 antenna array radia-
tion pattern with 41 dBm EIRP and approximately 15 degrees
beamwidth. For the walls we chose an arbitrary brick material
with 5 cm thickness, relative permittivity of 4, and loss tangent
of 0.05. For the floor and ceiling we assumed concrete material
with permittivity of 8.7, loss tangent of 0.22, and thickness of
10 cm. The carrier frequency was 28GHz. The HFSS simu-
lation assumed narrow-band continuous-wave signal, resulting
in high and low received power variation along the propaga-
tion direction. In the geometrical channel model, the signal
is assumed wideband, and the powers of individual propaga-
tion paths were added incoherently. HFSS simulation took 100
times longer than the developed model, and simulation time ra-
tio would scale if system operates multiple beams.

5. SEMI-ANALYTICAL MODEL OF THE FINITE RE-
FLECTIVE SURFACE RADAR CROSS-SECTION
For the semi-analytical modeling of the RCS, we propose
the following expression which extends the formalism in [6]
Eqs. (19), (22):

σeD,eA
D,A = 4π

(
a2c
λ0

)2

·GeA
D,A · eeD,eA

D,A (9)

Note that the definition of Eq. (6) can be used to extract RCS
data from electromagnetic simulations, while analytical expres-
sion of Eq. (9) is derived from Eq. (6), with derivation provided
in Appendix C. ac is the size of the unit cell, which is assumed
equal for all unit cells and equal to inter-cell spacing. λ0 is the
wavelength of radio wave. The angular-dependent array factor
is

GeA
D,A =

∣∣∣∣ Nc∑
c=1

ψD,c · weA
c · ψA,c

∣∣∣∣2 (10)

ψA,c is the incident wavefront phase factor of the Tx-surface
path A at the reflective surface unit cell location c. ψD,c, anal-
ogously, is a phase-factor with phase offset of the surface-Rx
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path D at the unit cell location c. Nc is the total number of unit
cells in the reflector surface plane. In the far field, the phase
factors are:

ψA,c = e−j 2π
λ0

c·sA ψD,c = e−j 2π
λ0

c·sD (11)

sA represents the direction vector of arrival of the path A of
the Tx-surface channel, according to definition of the vector
in Eq. (7). sD is the direction vector of the departure path D
of the surface to Rx channel. c is the unit cell location vec-
tor. In the reviewed literature, the Tx-surface phase term often
has the opposite sign, but in the present work, both phase terms
have the same negative exponents. This is because we follow a
convention, where the Tx-reflector incident wave vector is di-
rected towards the surface, and the angles of arrival are defined
accordingly, as opposed to defining angles in the direction to
Tx.

5.1. Concept of Local Phase Response
wc includes the phase offset introduced by the metasurface unit
cell on the incident planewave upon reflection. Semi-analytical
model assumes that each unit cell of the surface reflects with its
own phase shift inwc which is unique for each unit cell type and
incident field polarization eA, however does not depend on the
types of the surrounding unit cells and the angle of incidence,
thus does not consider mutual coupling. The techniques simi-
lar to the one described in [14] can be applied however in this
model for mutual coupling inclusion.
For a most basic metasurface, which imposes anomalous

direction of reflection, the phase offset may compensate the
phase differences of the strongest Tx-surface and surface-Rx
path pairs for some target Rx direction:

wc = conj(ψc,A=argmax(|CTS |) · ψc,D=argmax(|Ctarget
SR |)) (12)

A = argmax(|CTS |) represents the path index with minimum
propagation loss within the paths between the Tx and the sur-
face. D = argmax(|Ctarget

SR |) finds the path index with mini-
mal losses within the paths between the surface and the target
Rx. conj performs compensation of the found path phase at the
unit cell location c to provide peak of the scattering in the di-
rection to the target Rx.
The values of wc may slightly vary for a unit cell at different

angles of incidence and incident field polarization, and be ob-
tained from electromagnetic simulations for each unit cell type
by applying periodic boundary conditions. Alternatively, some
analytics exist [28] to predict unit cell phases given the geome-
try of the cells, although such may be inaccurate or complicated
if the consideration of mutual-coupling effects is required.
Justification of wc physical meaning is provided in Ap-

pendix E.

5.2. Field Vector Projection Term
The last factor in RCS semi-analytical expression of Eq. (9) fol-
lows physical optics assumption for the electric current density
in the reflective surface plane. n represents the surface normal
orientation vector.

eeD,eA
A,D = |eD · [n× (sA × eA)]|2 (13)

Note that in the analytical model, Tx-surface and surface-Rx
rays need to be filtered based on the signs of vectors dot prod-
ucts sD · n and sD · n expressions correspondingly. If the sign
of either is negative, it means that rays incident on the back of
the reflector will contribute to scattering, or rays generated by
currents in infinitely flat reflector and propagating backwards
will be included.
To illustrate the impact of the polarization-dependent factor

on the Tx-surface-Rx channel gain component, we performed
modeling in MEEP [29] of the 8.5 × 8.5 cm surface designed
to reflect a boresight incident wave at θD = 45◦, ϕD = 0◦.
Surface normal vector was oriented in z direction, and unit cells
vary in the x direction. Each supercell of the structure was 6
unit cells with phases −120, −60, 0, 60, 120, 180 degrees as
shown in Fig. 5.
For electromagnetic simulation, the surface elements were

18µm thickness perfect electric conductors (PEC) on top of the
low loss dielectric with relative permittivity of 4.6. The con-
ductor widths were 1.13, 1.68, 1.82, 1.92, 2.06, and 2.43mm,
and were used to assign the amplitude coefficients according
to the conductor areas. Below the dielectric another PEC layer
was present. The dielectric losses were ignored. The simula-
tion and modeling results are shown in Fig. 4(a) for ϕϕ (co-
polarized) and in Fig. 4(b) θϕ (cross-polarized) field compo-
nents. In the case of incidence at θA = 0◦, ϕA = 0◦, the
power happens to scatter mostly into the cross-polarized θϕ
component of the scattered field — this is purely geometrical
effect due to the choice of the polarization basis and has no
special physical cause. The results presented in Fig. 4 allow to
confirm that the field polarization transformations are correctly
captured in the proposed analytical model. The total scattered
field peak magnitudes as computed by combining correspond-
ing entries from 4(a) and 4(b) as σTotal =

√
σ2
θθ + σ2

θϕ have
error less than 1 dB.

5.3. Near Field Wavefront Sphericity
As we found, the inclusion of near-field effects has detrimental
impact for indoor scenariosmodeling. The far-field approxima-

tion can be applied only when the d > 2L2

λ0
inequality holds.

Here, d is the distance between the reflector and the Rx, and
L is the largest side length of the reflector. For 8 × 8 antenna
arrays spaced at the half wavelength spacing the plane wave
approximation starts at the 2(0.01/2 · 8)2/0.01 = 0.32 meters
distance, which is short enough to consider all indoor cover-
age points to be far field for such an antenna array. For 30 cm
reflective surface at 28GHz however, the far field starts only
after 2 · 0.32/0.01 = 18 meters of propagation which does not
suit indoor short distance propagation modeling. When radia-
tive near-field Fresnel propagation model is used instead, i.e.,
spherical-wave approach, the applicability inequality becomes
d > 0.62

√
L3

λ0
. Given this expression, for a half meter surface

the minimal modeling distance becomes 0.62
√
0.33/0.01 = 1

meter, which is a lot more suitable for the problem. Such spher-
ical wavesmodel can be included by substituting corresponding
expressions of ψA,c and/or ψD,c by formulas containing the ex-
act distances from Tx/Rx to the corresponding unit cell center
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(a) (b)

Co-polarized Cross-polarized

FIGURE 4. RCS angular patterns of ϕϕ field components, obtained using electromagnetic simulations in MEEP software (top) and modeling results
based on proposed semi-analytical model (bottom) for different directions of incident plane wave θA, ϕA, = (a) (0

◦
, 0◦), (b) (45

◦
, 0◦), (c) (45◦, 45◦).

TABLE 1. Ways to include incident beam amplitude variation over the surface.

Option Rescale Tx-Surface-Rx path
Apply amplitude weights

at unit cells
Split reflector into sub-parts

Accuracy

Average accuracy:
RCS pattern

does not depend on the
shape of the beam,
only on total power

High accuracy: RCS
pattern depends on the

shape of the incident beam

Accuracy depends on number
of reflector parts and
post-processing

Computational
complexity

— separation of
antenna and propagation

channel impact

Low complexity — rescaling
is done after RCS calculation,

but each beam needs
individual paths rescaling

High complexity — rescaling
is done during RCS calculation

and each beam needs to
be rescaled separately

Low complexity — no paths
rescaling required, however
number of paths is large

Formula Cτ = C′
τ · dTS

dTx,c

√∑Nc
c=1 GTx,c

NcGTS
w′

c = wc

√
GTx,cdTS√
GTSdTx,c

C = Cfiltered
TR ∪τCTSR1∪τCTSR2 . . .

location:

ψA,c = e−j 2π
λ0

dA,c , ψD,c = e−j 2π
λ0

dD,c (14)

dA,c is the Tx-surface path A total propagation distance from
the Tx to the unit-cell c. Correspondingly, dD,c is the total
propagation distance of the path D from the unit cell c to the
Rx. Long-distance propagating paths may be calculated using
the far-field propagation path model of Eq. (11), whereas short-
distance propagating pathsmust consider exact distances to unit
cell locations as in Eq. (14).
The usage of near-field model for surface-Rx phase terms al-

lows to avoid overestimation of the beam power and underesti-
mation of the beamwidth at the receiver points close to the re-
flector surface. Near-field inclusion for Tx-surface phase term
allows to capture beam spreading illustrated in Fig. 6, as nat-
urally included in geometrical optics (GO), but does not occur
with plane-wave scattering as derived in physical optics (PO)
formalism. The expected beam spreading after reflection from

a square reflector for normal incidence can be estimated by
∆φ = 2 · atan(L/2/dTS).

5.4. Incident Beam Amplitude Variation
In Eqs. (3) and (10), it is assumed that reflector is illuminated by
the same directivity value of the incident beam at each point of
the reflector as calculated at the central point of the reflector. In
near field, the incident beam amplitude variation of the narrow
RN beams starts playing a role: unless beam amplitude vari-
ation over the reflector surface is included, the coverage gain
may become overestimated. There are three ways to include
such variation in modeling, outlined in Table 1.

5.5. Diffraction Grating Effect
In cases that meta reflector is a periodic structure and does not
consider techniques of removing structure periodicity [30], ad-
ditional diffraction lobes will be present. Those appear because
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FIGURE 5. Illustration of the meta reflector, used for cross-check be-
tween the semi-analytical model and electromagnetic model of RCS.

FIGURE 6. Illustration of near-field effects. Beam widening after re-
flection is included only by spherical waves consideration. Effective
size of the reflector is determined by the beam width out of the Tx
antenna.

of the diffraction-grating effect, coming from the periodicity of
the super cells over the surface, where each supercell is com-
posed of several unit cells. Diffraction grating equation is given
by:

i · ac(sinθscat + sinθinc) = mλ0 (15)
In this formula, i ·ac is the periodicity of the super cell, θinc the
angle of incidence, θscat the angle of scattering, andm integer.
For example, for a metasurface consisting of 6-element super-
cells, with unit cells spaced atλ0/3, sinθscat = mλ0/(λ0/3·6),
and the peaks from diffraction grating are expected at θscat =
arcsin  m/2 = 0◦, ±30◦, ±90◦ with m = 0, ±1, ±2 corre-
spondingly.
To account for diffracting lobes in the proposed semi-

analytical model, as an alternative to the Floquet harmonics
representation [31], we propose specifying individual am-
plitude weights of the surface unit cells via wc factor. Such
amplitude weights approach might be more convenient as it
avoids the introduction of additional rays into the model. The

amplitude weights of wc are assigned according to the areas
of unit cells conductor elements and normalized such that∑Nc

c=1 |wc|2/Nc = 1. Fig. 7 shows the impact of amplitude
weights inclusion in the model and comparison to electro-
magnetic simulation and Floquet modes approach where the
amplitudes of the Floquet modes are fitted from simulations,
for a 30 × 30 cm meta-reflector. It is important to note that
we do not expect amplitude coefficient model works well for
any types of unit cells, although in present work in Fig. 4 we
successfully applied such approach to surfaces with square-
shaped conductor elements. From Fig. 7 it can be observed
that Floquet modes model allows capturing diffraction lobes
powers more accurately compared to the amplitude weights
model. Single scattered wave approach does not predict any
diffraction grating lobes.

FIGURE 7. Result of the amplitude weights inclusion to capture diffrac-
tion lobes due to periodic structure of the surface. RCS azimuth cut
for θθ field incident onto surface facing z axis.

It needs to be summarized that wc may include following
factors:

1. unit-cell phase response

2. unit-cell amplitude response (efficiency)

3. incident beam amplitude at the unit cell

6. MODELING ALGORITHM OUTLINE
The overall modeling procedure can be outlined in the follow-
ing steps:

1. Calculate amultipath channel— complex coefficients, de-
lays, and angles of arrival and departure — between Tx
and Rx isotropic antennas, for all four possible combina-
tions of input/output field vector orientations.

2. Filter paths which propagate through the area of the reflec-
tor. For example, some original paths may reflect from (or
penetrate through) the wall where finite reflective surface
is installed.

3. Calculate two additional multipath channels: from Tx to
the reflecting surface central point, and from reflecting
surface central point to the Rx.
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TABLE 2. Advantages and disadvantages of the RCS models.

Feature/Approach Electromagnetic simulation Semi-analytical model
EM simulations complexity High Low

Reuse of EM data for other source
Tx locations and patterns,

other reflector sizes and phase designs
No Yes

Unit cells phase optimization Slow Fast
Scattering pattern representation accuracy High Low

4. For each combination of Tx-surface and surface-Rx paths,
apply reflector response to obtain a combined Tx-surface-
Rx path.

5. Merge the filtered Tx-Rx channel from step 2 with the Tx-
surface-Rx channel paths from step 4, according to Eq. (8).

6. Apply spatial filtering at the Tx and Rx antennas according
to the antenna radiation patterns and beamforming code-
words.

7. Calculate received power or pass spatially filtered
coefficient-delay profiles to link level simulations as
tapped delay line channels or non-filtered coefficient-
delay-angular profiles as clustered delay line channels.

7. NUMERICAL VS ANALYTICAL MODELING OF IN-
TELLIGENT REFLECTORS
There are two options of obtaining the RCS of the surface

(a) Electromagnetic modeling of RCS.

(1) From geometrical channel modeling extract inci-
dence and scattering angle pairs of all path combina-
tions of the Tx-surface and the surface-Rx channels.

(2) Pass these angles to the electromagnetic model as the
directions of incidence and scattering.

(3) Set up whole reflector in EM modeling with explicit
source beam (not plane wave).

(4) Calculate RCS for all pairs of input-output polariza-
tion components.

(5) Pass the obtained RCS values back into geometrical
model

(b) Semi-analytical model of RCS.

(1) For each unique unit cell type, set up an EM model
assuming that the unit cell is repeated infinitely over
the surface.

(2) Calculate phase and amplitude responses of the unit
cell for two orientations of the normal-incident plane
wave.

(3) Pass the obtained local phase response data into the
geometrical channel model.

Advantages and disadvantages of each approach are summa-
rized in Table 2. To account for mutual coupling in the semi-
analytical model, the phase shifts of unit cells must be obtained
considering the neighboring unit cells via local phase response
technique. Existing semi-analytical diffracting lobes models
are applicable to only limited types of unit cells configuration
and relatively large surfaces.

8. EXPERIMENTAL VALIDATION
In this section, we present results for experimental measure-
ments. The measurements setup is illustrated in Fig. 8. The
used equipment included a 5G 28GHz Radio Node — SCRN-
520-28 which operated multiple beams, together with a 5G
Centralized Unit (CU) — Service Node (SN), as well as Ari-
cent Evolved Packet Core (EPC) for Control layer and Separate
Data Plane Development Kit (DPDK). The Reference Signal
Received Power (RSRP) was measured by means of the walk-
ing tests with a Samsung Galaxy S20 5G UW UE hardware
with a customized sim-card and G-NetTrack Pro software. For
reflector, a 1× 1 meters metal plate on a wooden rig was used
to represent a metasurface. Center of the plate was at the cu-
bicle wall height level of 1.6m, and linear phase gradient was
emulated by a specific tilt angle of the plate, targeting one of
the RN beams redirection into the direction parallel to floor.
We considered three installation locations of a ceiling-mounted
RN over the typical office area, as shown in Fig. 9(a): the RN
was either in the center of area A (location 1), in the bottom of
the area (location 2), or in the right of the area (location 3). For
central installation of the radio node, location of the reflector in-

FIGURE 8. A photo of experimental setup.
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(a) (b)

FIGURE 9. (a) Office area for received power measurements and proposed model validation. (b) Obtained statistics of power coverage.

FIGURE 10. Example ofmeasured andmodelled received power, for right RN installation option (location 3) and area A. Circles are for measurements,
lines — modeling.

stallation was different for the left and right areas, either from
the right or from the left of the RN, to provide gain in the left
or right areas correspondingly. The system was simulated us-
ing PyLayers ray tracing model with incorporated model of the
passive reflectors as described in the present paper and phased-
arraymodels of RN andUE antennas, which included the beam-
forming codebooks and antenna element gain patterns. Across
different measurements, the difference between simulated and
measured results was found to be on average 4 dB of RSRP.
No-signal area percentage estimation difference was calculated
to be on average 7.5%, as determined by the CDF point at no
signal level. When power level dropped below the sensitivity
threshold, the actual power became unknown and was arbitrar-
ily assigned a value of −15 dB relative to the RSRP threshold.
Absolute measurement minus modeling differences of the re-

flector impact were found to be on average 1.5 dB, and 3.7%
at the RSRP threshold. Despite that there are no specific meta-
surface measurements presented in this validation, we still con-
sider the presented results applicable to confirm accuracy of the
meta-reflector model incorporation into the geometrical chan-
nel model, while the features of the meta-reflector compared to
the solid metal plate are validated separately against EM simu-
lations presented in the previous sections. As can be observed
from Figs. 9(b), 10, and 11(b), the impact of reflector on the re-
ceived power is captured both qualitatively and quantitatively
correctly by the proposed model. For example, for RN installa-
tions at locations 1 and 3, both model and measurements show
around 10 dB reflector-induced RSRP gain along the main cor-
ridor of area A; the shape of the scattered beam reflected from
the reflector has similar azimuthal spreading after reflection;

115 www.jpier.org



Ivanov, Volkov, and Peters

(a) (b)

FIGURE 11. (a) Baseline (no reflectors) RSRP above no-coverage threshold level. (b) RSRP gain due to passive reflector over the baseline.

and the percentage of the area where coverage is below thresh-
old decreases with the help of reflectors by 10%. For RN in-
stallation at location 2, both model and measurements show no
gain due to reflector.

9. CONCLUSIONS

We developed a geometrical channel model capable of predict-
ing the impact of the finite-area reflective surfaces, such as pas-
sive meta reflectors, on the received power coverage in indoor
environments. The model unifies semi-analytical and electro-
magnetic approaches for reflective surfaces scattering patterns.
Model is validated against HFSS shooting and bouncing sim-
ulation and experimental measurements of the received power
for a mobile phone and commercial mmWave radio node for
the metal plate. We also developed a semi-analytical model
of the metasurface scattering pattern, to aid metasurface de-
sign and optimization from the system level perspective. The
proposed semi-analytical model incorporates many of the ex-
isting efforts of semi-analytical finite area reflectors modeling
approaches and considers multiple subtleties, such as spheri-
cal waves, multipath, dual polarization, and alternative way of
diffraction grating effect inclusion. The model is fully compat-
ible with the state of the art three-dimensional dual-polarization
geometrical channel models where the complex amplitudes, de-
lays, angles of departure and arrival are tracked for beamform-
ing studies and link level simulations. The model is validated
against finite difference time domain electromagnetic simula-
tions in MEEP software.
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APPENDIX A. ABBREVIATIONS AND SYMBOLS USED
IN THE DERIVATIONS
× denotes vector cross product∫

Arefl
. . . da denotes integration over the surface

A—magnetic field vector potential [Tm]
a— area element [m2]

Arefl = a2cNc — total area of the reflector for scattering
calculations [m2]

ARx — effective area of Rx antenna [m2]

dA,c — total propagation distance from Tx to a point in the
reflector plane, or unit cell [m]

dTS — total propagation distance from Tx to the reflector
center [m]

dD,c — total propagation distance from reflector point (or
unit cell) to the Rx [m]

dSR —total propagation distance from reflector center to the
Rx [m]

es — normalized projection of the scattered electric field
vector on the evaluated component of that vector
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Ei — electric field vector [V /m] incident on a reflector in
reflector plane
Ei — component of the incident electric field vector (θ or

φ)
ei —normalized orientation vector of the electric field in the

reflector plane, defined by Ei = Eiei
Etotal
s — scattered electric field vector [V /m]

Ecomponent
s —component projection of the scattered electric

field vector [V /m]

es—normalized orientation vector of the evaluated scattered
electric field component (θ or φ)
G— array factor of the reflector - the abs square integral or

sum of complex exponents over the surface [linear gain]
GTx —Tx antenna gain in the direction of the path incident

upon finite-area reflector [linear gain]
GRx — Rx antenna gain in the direction of the path coming

from finite-area reflector [linear gain]
Hi — incident magnetic field at the reflector plane. [A/m]

Hr — reflected magnetic field at the reflector plane. [A/m]

J(xc, yc, zc)—current density, generated in the unit cell due
to incident magnetic field, [A/m2]

j — time-independent unitary orientation vector of the cur-
rent
j — imaginary unit of a complex number
Nc — number of unit cells
n— unitary orientation vector of the reflector normal in the

direction from reflecting surface side.
PTx — Power out of the Tx antenna [W ]

PRx —Received power [W]
si = Ei×Hi

|Ei||Hi| = k
2πλ0

— orientation unit vector of propaga-

tion direction of the incident wave.
Si — Poynting vector [W/m2]

Si — power spectral density of the field incident upon re-
flector [W/m2]

Ss — power spectral density of the field scattered from re-
flector [W/m2]

xc, yc, zc — unit cell location, [m]

η0 = µ0c = 120π— free space impedance [Ohm].
µ0 — permeability constant of vacuum [H/m]

c— speed of light [m/s]

β0 = 2π
λ0

—wavenumber [rad]

ω0 = 2πc
λ0

— angular frequency [rad/s]
λ0 — electromagnetic wave carrier wavelength in vacuum

[m]

θ— component basis vector of the field, TE-mode
φ— component basis vector of the field, TM-mode
θi, φi — zenith and azimuth angles of incidence on the re-

flector
θs, φs — zenith and azimuth angles of scattering from the

reflector
ψA,c = e−jβ0dA,c — phase factor of the field propagating

from Tx to reflector
ψD,c = e−jβ0dD,c —phase factor of the scattered field prop-

agated from reflector to Rx

APPENDIX B. DERIVATION OF THE ANALYTICAL
SCATTERED FIELD EXPRESSION
First, we write down the electric field potential from [26], Eq.
(6.96a):

A =
µ0

4π

∫∫
Arefl

J(xc, yc, zc)
e−jβ0dD,c

dSR
da (B1)

Then, we write the expression for current density, according to
[26], Example 6.5 and Eq. (11.26).

J(xc, yc, zc) = n× (Hi +Hr) = 2n×Hi (B2)

Next, we assume that the orientation and amplitude of the mag-
netic field vector Hi incident on the surface is approximately
same over the surface plane. Assumption of the uniform am-
plitude is later removed. The phase of the incident field defined
according to exact propagation distance from Tx to the unit cell
c is extracted from Hi. Inserting (B2) into (B1), and extracting
surface-location independent terms out of the integral, gives:

A =
µ0

4πdSR
2n×Hi

∫∫
Arefl

ψD,cψA,cda (B3)

Expressing scattered field at the next obstacle or at the receiver,
after the surface, using frequency domain expression from [26]
(6.101a) and the far-field approximation of Es dependence on
A, we write:

Etotal
s = −jω0A (B4)

To express scattered electric field in terms of incident electric
field, we write the relation:

Hi =
1

η0
si × Ei (B5)

Inserting (B5) into (B3), and then (B3) into (B4) results in:

Etotal
s =−jω0 ·

µ0

4πdSR

1

η0
· 2n×(si×Ei)

∫∫
Arefl

ψD,cψA,cda

(B6)
Using definitions for ω0 and η0 and simplifying:

Etotal
s = −j 1

dSR

1

λ0
· n× (si × Ei)

∫∫
Arefl

ψD,cψA,cda (B7)

Wemay express scattering field in terms of normalized incident
field orientation vector ei and phase-independent field ampli-
tude Ei. Also, considering that total scattered field vector can
be arbitrarily oriented, for geometrical channel modeling we
need to calculate a specific projection (or component) of this
field onto θ vector or φ vector. Without defining such vectors
at this point, we may write an expression for a component pro-
jection of the scattered field as a dot product of the component
orientation unit-vector es and total scattered field orientation
vector:

Ees,ei
s =

−jEi

λ0dSR
·es ·(n×(si×ei))

∫∫
Arefl

ψD,cψA,cda (B8)
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APPENDIX C. DERIVATION OF ANALYTICAL RADAR
CROSS-SECTION
Inserting the scattered field expression of (B8) into (6):

σeD,eA
D,A = 4πd2SR

|Ees,ei
s |2

|Eei
i |2

(C1)

Introducing scalar terms es and G

es = |es · (n× (si × ei))|2 (C2)

G =

∣∣∣∣ 1

Arefl

∫∫
Arefl

ψD,cψA,cda

∣∣∣∣2 (C3)

σeD,eA
D,A = 4πd2SR

1
λ2
0

E2
i

d2
SR
GA2

refles

E2
i

=
4π

λ20
A2

reflGes (C4)

APPENDIX D. DERIVATION OF THE REFLECTED PATH
SCALING
At the receiver antenna, power PRx of the finite-area reflector
scattered path is determined by effective area of the antenna
GRx · Aomni and power density Ss of the scattered field Es,
which relate to each other by the well-known radio transmission
formulas:

|CTSR| =

√
PRx

PTxGTxGRx
(D1)

PRx = ARxSs (D2)

ARx = AomniGRx =
λ20
4π
GRx (D3)

Ss =
|Es|2

η0
(D4)

Expressing the abs square of the scattered field in (B8) in terms
of radar cross-section of Eq. (C4) we obtain:

|Es|2 =
4π

d2SR

|Ei|2σeD,eA
D,A (D5)

Next, inserting (D5) into (D4), (D4) and (D3) into (D1) we ob-
tain:

|CeD,eA
TSR | = λ0

4πdSRdTS

√
σeD,eA
D,A

4π
(D6)

To express the combined channel path conveniently in terms
of product of Tx-surface and surface-Rx path as in Eq. 3, we
need to consider paths amplitudes normalization factors shown
in (2).

CeD,eA
TS =

−jλ0
4π

e−jβ0dA,c

dTS
(D7)

CeD,eA
SR =

−jλ0
4π

e−jβ0dD,c

dSR
(D8)

ReD,eA =
CeD,eA

TSR

CeD,eA
TS CeD,eA

SR

(D9)

Inserting Eqs. (D8), (D7), and (D6) into (D9) results in Eq. (5),
concluding the proof.

APPENDIX E. LOCAL PHASE RESPONSE CONCEPT
JUSTIFICATION FOR META-REFLECTORS
To derive the semi-closed form expression for a reflection from
a meta-reflector, we start from (C3) and using linearity of the
integral, write double integration over the whole surface as a
sum of integrals over finite number Nc of unit cells:

∫∫
Arefl

ψD,cψA,cda =

Nc∑
c=1

∫∫
ac

ψD,cψA,cda (E1)

Assuming that the phase factor within integrals is monotonic
over a single sub-half-wavelength unit cell area, we use the
mean value theorem for integrals taking values of the function
at the center of the unit cell given by xc, yc, zc and introduce
a complex-valued factor wc, which will account for difference
between function value at the center of the cell and that at the
unknown point of the theorem — at the coordinate where the
integral value is equal to the value at the cell center.∫∫

ac

ψD,cψA,cda=ψD,cψA,c

∫∫
ac

dw=ψD,cψA,cwc (E2)

The illustration of the local phase response concept is given in
Fig. E1.

FIGURE E1. A scheme of the meta-reflector for semi-analytical model
of RCS. Each unit cell of unique type imposes a unique phase shift on
the incident wave. For periodic reflectors a repeating sequence of unit
cells is a super-cell.
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