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Abstract

The continuously increasing demand for higher data rates
drives the exploration of low terahertz (THz) frequency
bands for mobile communications, leveraging their large
available bandwidths. To reduce dependency on line-of-
sight (LOS), the concept of reflective intelligent surfaces
(RISs) has emerged as a promising technology. By recon-
figuring the electromagnetic environment, RIS alters the
channel, requiring novel approaches to model key param-
eters such as path gain. To address this, an approach based
on the bistatic radar equation is proposed, which accounts
for the altered path gain progression due to near field ef-
fects.

1 Introduction

The ever-growing demand for higher data transmission
rates is driving the transition to elevated frequency bands,
particularly the lower terahertz (THz) range, spanning from
0.1 THz to 1 THz. This spectrum offers vast bandwidth,
making it feasible to achieve peak data rates in the terabit-
per-second regime [1]. However, wireless communication
at these frequencies encounters multiple challenges. One
major issue is the pronounced attenuation of signals dur-
ing propagation, which necessitates the use of highly direc-
tional antenna systems to compensate for these losses [1].
Furthermore, the absence of a line-of-sight (LOS) path be-
tween the transmitter (TX) and receiver (RX) can critically
degrade the communication link’s reliability within this fre-
quency range due to the narrow beam widths [1].

A promising solution to mitigate LOS dependency while
simultaneously enhancing network efficiency and overall
performance is the deployment of reflective intelligent sur-
face (RIS) technology [2]. A RIS is usually composed of
numerous tunable sub-wavelength unit cells that enable dy-
namic phase control of impinging electromagnetic waves
upon reflection. By leveraging this capability, RISs can al-
ter the propagation environment, for instance, by introduc-
ing anomalous reflections to steer signals in desired direc-
tions [2]. To effectively integrate RIS into communication
scenarios, accurate models for predicting key channel pa-
rameters, such as path gain, are essential. However, path
gain estimation is challenging due to the unique character-
istics of the TX-RIS-RX cascaded link, where participants
may operate within the near field region of the RIS. This

is due to large RIS dimensions D relative to small wave-
lengths λ at high frequencies, which results in high values
of the Fraunhofer distance dFH serving as the conventional
border between near and far field.

dFH =
2D2

λ
(1)

Existing methods to model the path gain of a RIS link
include analytical approaches. For example, in [3] every
propagation path for every single unit cell is accounted for.
This necessitates precise knowledge about the RIS such as
the complex reflection coefficients and limits the model to
reflectarray-type of RISs. In [4, 5] derivations of the elec-
tric fields in the presence of a RIS are provided, introduc-
ing high complexity when only the path gain is desired.
Inspired by previous measurements, this paper presents a
straightforward path gain model based upon the bistatic
radar equation, adapted to account for near field effects.
Additionally, models for the radar cross section (RCS) of
a RIS and the influence of illumination are provided.

2 Path Gain Model

Throughout this paper, channel reciprocity is assumed,
meaning that the path gains for the TX-RIS-RX link and for
the RX-RIS-TX link are equal. This holds true if the RIS
state remains unchanged when comparing the two links,
provided that the RIS itself is composed of reciprocal ma-
terials - a condition that is met in the vast majority of cases
[6].

In previous works [7, 8], results from a measurement cam-
paign using a non-reconfigurable, passive RIS designed for
far field beamforming with perpendicular incidence and
anomalous reflection towards 30° at 304 GHz are presented.
In that study, the conventional bistatic radar equation mod-
els the path gain of the RIS-assisted link, as shown in (2).
The gain refers to the propagation channel, excluding an-
tenna gains.

GRadar = σRIS ·
λ 2

(4π)3
1

d2
TX,RISd2

RIS,RX
(2)

σRIS is the RCS of the RIS, λ denotes the wavelength and
dTX,RIS and dRIS,RX represent the distances between the TX
and RIS, and between the RIS and RX, respectively. (2) is
based on the radar equation which is derived for the far
field [9]. However, it has been shown that it is a valid
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Figure 1. Measured path gain for TX-RIS-RX link over
varying distance between RIS and RX for fixed distance
between TX and RIS from [7]. Path gain as predicted
by conventional bistatic radar equation (2) and proposed
model (12).

tool for path gain prediction even at distances significantly
shorter than the Fraunhofer distance [7, 10]. This can be
observed in Fig. 1, which illustrates the measured path gain
for the TX-RIS-RX link over a varying distance between
RIS and RX as well as the path gain modeled by the con-
ventional radar equation (2) and the adjusted radar equa-
tion (12), the latter of which is proposed in this paper. Dis-
regarding the offset, stemming from alignment errors, beam
squint, and measurement inaccuracies, a high degree of
similarity in the curve progressions of radar equation and
measurement for distances greater than 1 m is observable,
thus confirming the fundamental suitability of the bistatic
radar equation for path gain prediction. Nevertheless, be-
low this distance the radar equation tends to overestimate
the path gain. To address this, a distance-dependent ad-
justment of the power loss exponents—specifically, the ex-
ponents of dTX,RIS and dRIS,RX, respectively—is proposed.
In the conventional radar equation, these exponents have a
fixed value of two.

2.1 Adjusted Radar Equation

The adjustment of the exponents pTX and pRX of dTX,RIS
and dRIS,RX as a function of distance will result in an al-
tered, distance-dependent progression of the path gain pre-
diction. Therefore, the objective is to reduce the distance-
dependency of the offset seen in Fig. 1, rather than elim-
inating the offset itself. A fixed adjustment of the power
loss exponents, independent of the distance, similar to the
floating intercept or α-β model, is not suitable, since the
exponents must remain at two for sufficiently large dis-
tances. The adjustment of the power loss exponents is
based on three distances: the Fraunhofer distances of TX
and RX dFH,X with X ∈ (TX;RX) and k times the Fraun-
hofer distance of the RIS k ·dFH,RIS. k is chosen according
to measurement results to k ∈ [0.1;0.3] such that k ·dFH,RIS
represents the transition distance at which the traditional
radar equation begins to overestimate the path gain. Here,
dFH,X < k ·dFH,RIS is assumed.
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x

Figure 2. Visualization of the exponent adjustment ap-
proach.

Fig. 2 visualizes these distances as dashed lines along two
axes: dTX,RIS and dRIS,RX. The two-dimensional space rep-
resents all possible (dTX,RIS;dRIS,RX)-tuples. For pTX, i.e.
dTX,RIS, the columns are of importance and for pRX, i.e.
dRIS,RX, the rows are of importance. The exponents pnear,
pmid and pfar correspond to the regimes, i.e. columns and
rows, defined by the dashed lines. Given a certain distance
between TX and RIS dTX,RIS, the corresponding gray shade
illustrates the region in which specific exponents must be
used to calculate the desired power loss exponent pTX. The
same applies to RX. This is done using

pX = w1,X · p1,X +w2,X · p2,X. (3)

Here, p1,X is the exponent of the dashed region within
which (dTX,RIS;dRIS,RX) resides, for X ∈ (TX;RX) re-
spectively. p2,X is the exponent of the dashed tile
which is nearest, as indicated by the gray-shaded regime,
again for X ∈ (TX;RX) respectively. For example, for
the (dTX,RIS;dRIS,RS)-tuple x in Fig. 2, this results in
p1,TX = pfar, p2,TX = pmid, p1,RX = pmid and p2,RX = pnear.
The weights w1,X and w2,X are determined by logistic func-
tions which ensure a smooth transition of the power loss
exponents:

w1,TX =
1

1+ e−s·(dTX,RIS−ddash,TX)
,

w1,RX =
1

1+ e−s·(dRIS,RX−ddash,RX)
, (4)

w2,X = 1−w1,X.

ddash,TX and ddash,RX correspond to the distances associated
with the dashed lines within the shaded regimes. Depend-
ing on the position of (dTX,RIS;dRIS,RX) they are chosen to
be either dFH,X or k ·dFH,RIS. Exemplary for x, this results in
ddash,TX = k ·dFH,RIS and ddash,RX = dFH,RX. s is a parameter
of the logistic function that allows for the adjustment of the
steepness of the transition.



2.2 Bistatic RIS RCS

The bistatic RCS of the RIS is a key component of the radar
eqation. Obtaining it is challenging since its value depends
on the technology used for the RIS, its geometric dimen-
sions, the states of the unit cells, the incidence, and scatter-
ing angles for which the bistatic RCS is to be obtained. The
usual approach is to use full-wave electromagnetic simula-
tions, as done in [8, 11]. However, this is a tedious pro-
cess, especially as a new simulation is required every time
the RIS state changes. The upper border of the achievable
bistatic RCS of a RIS for a given set of angles is deter-
mined by the RCS of a perfect electric conductor (PEC)
plate of equal size in the specular case. This is because a
perfectly conducting surface reflects the entire wave with-
out losses. The RCS of a PEC plate σPEC with length L and
width W with perpendicular incidence and specular reflec-
tion is given by [9]

σPEC =
4π

λ 2 · (L ·W )2. (5)

The RCS of a RIS σRIS has to lie below this value. Addi-
tionally, it depends on the incidence and reflection angles
ψRIS,TX and ψRIS,RX for which the RIS is designed. A sim-
ple approach to modeling the RCS of a RIS is to reduce
σPEC by the cosine of the incidence and reflection angles,
which may be explained by the projection of the area that
contributes to scattering. Furthermore, the RIS efficiency,
ηRIS, is introduced to account for additional losses that de-
pend on the nature of the RIS, such as phase discretiza-
tion or whether the RIS is reconfigurable or static. For
example, a higher phase discretization and a passive, non-
reconfigurable RIS lead to a higher RIS efficiency due to a
more precise reflection and the absence of parasitic effects
from active components. This results in [12]

σRIS = σPEC · cos(ψRIS,TX) · cos(ψRIS,RX) ·ηRIS. (6)

This approach enables rapid modeling of the RCS with-
out making assumptions about the specific RIS technology
used. Furthermore, it aligns well with full-wave simula-
tions presented in [8]. For the passive RIS designed for
304 GHz, with perpendicular incidence and 30° anomalous
reflection, as studied in [7, 8], the values of ηRIS are 0.73,
0.58, and 0.26 for 3-bit, 2-bit, and 1-bit phase discretiza-
tion, respectively. Similarly, for the reconfigurable 2-bit
RIS at 24.5 GHz in [13], ηRIS is approximately 0.4. Natu-
rally, more data for different RIS designs has to be acquired,
but (7) serves as a reasonable first approximation.

ηRIS,dB ≈−

 1.5dB, 3-bit
3dB, 2-bit
6dB, 1-bit

−
{

1dB, reconf.
0dB, static

}
(7)

2.3 Illumination Loss

Especially for narrow beam widths of the TX and RX, large
RIS dimensions, and small distances dTX,RIS and dRIS,RX,

the illumination of the RIS impacts the path gain. To ac-
count for this effect, the approach taken here is similar to
that in [3]. However, this approach eliminates the need for
assumptions and considerations for every unit cell, as the
behavior of the entire RIS is modeled by its RCS. First,
the normalized main lobes of the TX and RX are modeled
as [3]

GX,norm(ψ) = cosqX(ψ) (8)

where ψ is the angle from the center of the main lobe and
X ∈ (TX;RX). If the half power beam widths (HPBWs)
ψHPBW,X of the main lobes are known, the exponents qX
can be calculated by

qX =
log(0.5)

log
(
cos(ψHPBW,X

2 )
) . (9)

(9) is derived from GX,norm(
ψHPBW,X

2 ) = 0.5. Otherwise, if
the HPBWs are not known, the exponents qX can be deter-
mined using [3]

q =
Gmax

2
−1 (10)

where Gmax,X are the maximum gains of the main lobes.
(9) was found to represent the form of the main lobe of an
antenna more accurately than (10), which can be attributed
to the additional information used by the former. To in-
corporate the effect of illumination, the RIS surface is ar-
bitrarily discretized into I discretization points. Assuming
perfect alignment of the TX and RX towards the center of
the RIS, the angle ψTX,RIS,i between perfect alignment and
the vector connecting the TX to a discretization point is de-
termined for each discretization point i. ψRX,RIS,i is deter-
mined analogously. Using (8), the corresponding antenna
gain values are calculated. The overall illumination effi-
ciency ηillu is then obtained by averaging all gains over the
discretization points:

ηillu =
∑i GTX,norm(ψTX,RIS,i)+GRX,norm(ψRX,RIS,i)

I
. (11)

In summary, using (3) for the power loss exponents, (6) to
model the bistatic RCS of the RIS, and (11) to account for
the impact of illumination, the path gain G of a TX-RIS-RX
link in both directions may be modeled by

G = σRIS ·
λ 2

(4π)3 · 1
dpTX

TX,RISdpRX
RIS,RX

·ηillu. (12)

This assumes known positions, a narrowband signal, and
perfect alignment. Additionally, the RIS must be designed
for the angles corresponding to the TX and RX positions.

2.4 Derived Parameters

The determination of the most suitable channel model pa-
rameters for the measurement corresponding to Fig. 1 is
done by a parameter sweep. The mean difference between
measured and modeled path gain serves as the objective
function. Since the constant offset is attributed to effects
not yet respected in the model, this shift is part of the sweep



as well. This yields k = 0.2, pnear = 1, pmid = 1.5, s= 4 and
a shift of 5.2 dB. The resulting path gain curve is shown in
Fig. 1, displaying substantial agreement. Naturally, further
measurements with other RISs should be conducted to cor-
roborate this approach and mitigate overfitting.

3 Conclusion

In this paper a measurement-based, straightforward path
gain model for a TX-RIS-RX link is proposed. This model
is based on the bistatic radar equation, which has been
shown to be a suitable prediction tool in principle in the
context of previous measurement campaigns. To account
for different power scaling due to near field effects, a
distance-dependent adjustment of the power loss exponents
is introduced, yielding significantly better agreement for
locations close to the RIS. Additionally, the illumination
loss is accounted for. To increase the generality of channel
parameters, further measurements must be conducted with
other RISs. To develop a complete channel model, future
work aims to expand this model to include the beam squint
effect and the impact of misalignments, both by means of
measurements. Furthermore, statistical channel parameters
have to be added by means of calibrated simulations.
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