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Improving Propagation Channels With
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Abstract—This letter explores the potential enhancement of
radio signal propagation in intricate environments through the
deployment of basic resonant dipole scatterers. We employ the
MATLAB ray tracer algorithm to examine the impact of dipolar
scatterers on the power received at the user’s location. The ray
tracing model is modified for a dipolar scatterer model based on
its bi-static scattering cross-section. Our analytical and simulation
results indicate that the deployment of extra scattering components
is nearly ineffective when a direct link is present. Conversely, in
scenarios where there is no line-of-sight, the proposed approach
can considerably boost the power delivered. This cost-effective
and straightforward method could complement other channel op-
timization strategies, such as the application of reconfigurable
intelligent surfaces.

Index Terms—Channel optimization, dipolar scattering, ray
tracing.

I. INTRODUCTION

IN WIRELESS communication systems, passive structures
are a promising technology for expanding coverage, en-

hancing signals, and compensating for blind zones [1], [2]. For
example, reconfigurable intelligent surface (RIS) technology
has been widely studied due to its adaptive functionalities [3].
Other techniques, such as fully passive metal reflectors, are also
attractive since their energy consumption is zero and they are
compatible with existing and future wireless systems [4].

However, either using an RIS or a metal reflector requires the
plate to be oriented in such a way that the scattered beams point
towards the desired user. In addition, metal plates produce specu-
lar reflection, in other words, a signal can only be received when
the observation angle is close to the incident angle. Therefore,
these approaches are not universal and may be inconvenient,
involving human control or complex algorithms.

According to the power scaling law derived for an ab-
stract model of noninteracting and fully controllable array el-
ements [5], with an untuned RIS (not optimized for any desired
direction), the received power at the user can achieve a 3 dB
gain when doubling the RIS element number [6]. Inspired by
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this concept, we aim to find other more convenient and realistic
alternatives that can improve the received power by the user
without extra control from humans. In fact, we find that just
randomly deploying multiple resonant dipoles as scatterers in
the environment can achieve similar results as expected for such
models of an untuned RIS. Since the radiation pattern of a dipole
is omnidirectional in the azimuthal plane, users at any azimuth
angles could be served by the dipole scatterers regardless of their
position.

To the best of the authors’ knowledge, there are no studies
on improving propagation channels using such static scatterers
and no studies on analyzing such static scatters with ray tracing
tools. The closest work from the literature is using a fully
passive metallic plate as a reflector [4]. However, as mentioned
before, metal plates mostly produce specular scattering and any
modification in the desired reflection direction would require
manual reorientation of the plate. Untuned RISs also give some
diffuse scattering, but their effect is less pronounced due to the
nonresonant response of array elements loaded by random loads.
In contrast, in the proposed clusters of weakly coupled dipoles,
scattering from each dipole is maximized, as they act at the
resonance.

In this letter, we explore in which scenarios it is beneficial
to implement static scatterers and in which scenarios they do
not offer significant improvements. In addition, we investigate
how much improvement the user can receive through randomly
located scatterers and what parameters have a high impact. We
explore the contribution of these scatters in indoor and outdoor
scenarios using the MATLAB ray tracer algorithm. The rest
of this article is organized as follows. Section II introduces
the path-loss model. Section III provides numerical simulation
results from indoor and outdoor scenarios. Finally, Section IV
concludes this letter.

II. RECEIVED POWER CALCULATION

We use resonant dipoles (for example, half-wave metal wire
or strip dipoles) as scatterers since they are low-cost, very simple
to implement, and have an omnidirectional radiation pattern in
the azimuthal plane. By placing multiple dipoles randomly in the
environment, we can achieve random phases of waves scattered
from them. When a dipole with its load is at resonance and there
is no resistive loss, the scattered power is maximized [7]. In this
case, the scattering cross-section of the dipole is σmax = 4AeG,
where Ae is the effective area, and G is the gain of the dipole.
When the dipole load is conjugate-matched, σmatch = AeG [8].
Therefore, in this letter, we use short-circuited resonant dipoles
to scatter as much power as possible.
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Fig. 1. SISO scenario with 3 dipoles being the Tx, Rx, and the scatterer.

By applying the definition of the scattering cross-section, we
can infer that the transmitted power is first captured by the target
and subsequently reradiated isotropically. The power delivered
to the receiver load Pr is calculated by the radar range [9]

Pr =
PtGtGrσλ2

64π3(R1R2)2
(1)

with Pt being the transmit power and σ the radar cross-section
of the scatterer. Furthermore, Gt and Gr are the gains of the
transmitting (Tx) and the receiving (Rx) antennas, respectively.
R1 andR2 denote the distances between the Tx and the scatterer,
and between the scatterer and the Rx antenna, respectively.
However, this model considers a free-space scenario, with only
one line-of-sight (LoS) path between the Tx antenna and the
scatterer, and between the scatterer and the Rx antenna. In a
real environment, the multipath propagation through reflections
cannot be ignored. Therefore, we use the MATLAB ray tracer to
obtain more accurate received power, which takes the reflection
from the environment and losses due to the types of reflection
materials into account.

The MATLAB ray tracer calculates the received power at the
Rx antenna from each propagation path as

Pr = Pt
GtGrxλ

2

(4πR1)2
GtxGrλ

2

(4πR2)2
=

PtGtGrGtxGrxλ
4

(4π)4(R1R2)2
(2)

with Gtx and Grx being the gain of the scatterer when it is in
the Tx and Rx modes, respectively. However, (2) is based on the
Friis formula, and it holds the assumption that the load of the
scattering antenna is conjugate-matched. As discussed above,
in that case, the scattered power is not at its maximum, because
the currents flowing at the antenna body are weaker if there is a
resistive load. Basically, (2) corresponds to the radar-range (1)
where σ = σmatch.

Since the difference of σ for lossless resonant and conjugate-
matched dipoles is the factor of four, the correct model from ray
tracing should be

Pr =
4PtGtGrGtxGrxλ

4

(4π)4(R1R2)2
. (3)

To verify this model, we set up a simple scenario as shown
in Fig. 1 and use the MATLAB ray tracer to calculate the
received power. In the simulation, we use a resonant dipole
as a Tx and Rx antenna, and the same dipole as a scatterer.
The resonant frequency is 30 GHz, and the maximum gain
of the dipole is 2.1 dB. According to the relation between

Fig. 2. Comparison of ray tracing simulation results and theoretical results.

the antenna gain and the effective area Ae = Gλ2/(4π), we
can calculate σmax = 4AeG = 4˜G2λ2/(4π) = 0.8372λ2 and
σmatch = AeG = G2λ2/(4π) = 0.2093λ2.

In the scenario where the Tx and Rx antennas are blocked,
there is only one LoS path between Tx and the scatterer and one
LoS path between the scatterer and the Rx. For the distances
R1 = 2 m and R2 = 2.8 m, the received power from (1) with
σ = σmax and σ = σmatch, (2), and (3) are shown in Fig. 2. The
results show that the original ray tracing model from (2) gives
the same results as if we use σ = 0.2093λ2 in (1). The modified
ray tracing model from (3) gives the same results as the correct
theoretical model from (1) with σ = 0.8372λ2. In the following
simulations, we use the modified ray tracing model to calculate
the received power at the Rx antenna.

It is worth noting that (3) is applicable when there is only
one LoS path for the Tx-scatterer and scatterer-Rx links. When
considering multipath reflections from the environment, the
reflection losses due to different material types are also included
in the path loss calculation in the MATLAB ray tracer. The final
received power at the Rx antenna can be classified as from the
direct link, i.e., from the Tx antenna to the Rx antenna only
through wall reflections, and from the dipole-assisted link, that
is, the transmit signals reflected by dipoles and then reaching
the Rx antenna. There are also wall reflection paths from the Tx
antenna to the dipole and from the dipole to the Rx antenna in
the dipole-assisted link.

The received power at the Rx antenna from Tx through wall
reflections is denoted as Pd. The received power from all the
dipoles is denoted as Pdip, and the total received power from
both the direct link and from all dipoles is written as Ptot. The
contribution due to the dipoles is denoted as γ = Ptot/Pd, where
Ptot = Pd + Pdip. Assuming that there are in total L paths in the
direct link, Pd is calculated in the MATLAB ray tracer as

Pd = Pt

∣∣∣∣∣
L∑

l=1

√
GtGr

PL(l)
d

ejθ
(l)
d

∣∣∣∣∣
2

(4)

where PL(l)
d is the path loss of the lth path that includes the

free-space path loss and the reflection loss from the walls

PL(l)
d =

(
4πR

(l)
d /λ

)2

α(l) (5)

where R(l)
d is the propagation distance for the lth path, and α(l)

is the reflection loss for the lth path. The phase shift of the lth
path is denoted as θ(l)d .
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Fig. 3. Two-room scenario with 23 dipoles. The red, blue, and purple markers
represent the Tx, Rx, and dipoles, respectively.

Similarly, we assume there are in total K dipoles and Mk and
Nk reflection paths between the Tx antenna and the kth dipole
and between the kth dipole and the Rx antenna, respectively.
The received power at the kth dipole from the Tx antenna is
calculated as

P
(k)
t = Pt

∣∣∣∣∣
Mk∑

mk=1

√
GtGrx

PL(mk)
t

ejθ
(mk)
t

∣∣∣∣∣
2

. (6)

Since the dipoles are lossless, all the captured power is scattered
into space. The received power at the Rx antenna from the kth
dipole is obtained by

P (k)
r = P

(k)
t

∣∣∣∣∣
Nk∑

nk=1

√
GtxGr

PL(nk)
r

ejθ
(nk)
r

∣∣∣∣∣
2

(7)

where θ(mk)
t , θ(nk)

r , PL(mk)
t , and PL(nk)

r denote the phase shifts
and the path loss of the mkth path from the Tx to the dipole and
the nkth path from the dipole to the Rx antenna, respectively.
The path loss factors PL(mk)

t and PL(nk)
r are obtained similarly

as in (5) and include both the free-space path loss as well as the
reflection loss. The total received power from all K dipoles is
calculated as

Pdip =
K∑

k=1

4P (k)
r . (8)

The factor of four in (8) is the correction factor for the radar
cross-section of a lossless resonant dipole, see (3). In the above
equations, since Gtx = Grx for reciprocal scatterers, we do not
add subscripts for each dipole.

III. RAY TRACING SIMULATIONS

A. Indoor Scenario With a Strong Direct Link

First of all, we set up a MATLAB ray tracer simulation of a
two-room scenario, as shown in Fig. 3. A big room with the size
of 6 × 4 × 5 m3 corresponding to the length × width × height
is separated from a small room (2 × 4 × 5 m3 and 3.6 × 4 ×
5 m3) by an open door in between. The Tx and Rx antennas are
located in different rooms. Between them, there are 23 randomly
placed dipoles. The heights of the Tx, Rx, and the dipoles are
all 1.5 m. The dipoles and the Tx and Rx antennas are all in
the far-field of each other. There are no LoS paths between the
Tx and Rx antennas, but there are strong reflection paths from

TABLE I
RESULTS WITH ONE REFLECTION AND DIFFERENT MATERIAL TYPES

TABLE II
RESULTS WITH THREE REFLECTIONS AND DIFFERENT MATERIAL TYPES

TABLE III
RESULTS WITH ONE REFLECTION AND DIFFERENT FREQUENCIES

the walls that can reach the Rx antenna. Each dipole has LoS
connections with both the Tx and Rx antennas.

When considering the reflections from the environment, dif-
ferent wall materials can cause different reflection losses. There-
fore, we set the material as “concrete,” “Plasterboard,” “wood,”
and “ceiling board,” respectively, to observe their influences.
The simulation results with one reflection and three reflections
are displayed in Tables I and II, respectively. From both tables,
we can observe that the direct link contributes much stronger
power than the dipole-assisted link. In this case, the contribution
from the dipoles is seen to be insignificant. The results with
three reflections are better compared with the one reflection
scenario due to more propagation paths, but the difference is
not so significant since there are many destructive paths from
the wall reflections. From the comparison of the four different
materials, we find that the material loss from the lowest to the
highest is concrete < plasterboard < wood < ceiling board.
The higher improvement from the dipoles can be seen when the
material loss is higher.

Next, we run simulations within the same scenario at the
frequencies of 10–60 GHz and set the material type as “ceiling
board” to compare the results with one reflection. The results
are given in Table III. It is evident that at lower frequencies the
received power is higher than at higher frequencies. The contri-
bution from the dipoles at a lower frequency is also stronger than
at a higher frequency. Hence, it is more useful to place scatterers
in lower frequency systems than at higher frequencies.

B. Indoor Scenario Without a Direct Link

In this section, we simulate a library scenario as shown in
Fig. 4, where the direct link is totally blocked by four high
shelves inside the room. The Tx and Rx antennas are placed
at the two ends of the room, and several dipoles are randomly
placed in the corridor. The material of this scenario is set as
“wood,” and we set three reflections in the simulation. It should
be noted that, in this scenario, no reflection paths from the Tx
antenna can reach the Rx antenna, even if we set the reflection
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Fig. 4. Library scenario with the direct link being blocked. The red, blue, and
purple markers represent the Tx, Rx, and dipoles, respectively.

Fig. 5. Received power results with different numbers of dipoles in an indoor
scenario.

number as six or higher. This refers to a completely blinded
spot where the Rx antenna can only receive signals through the
dipolar scatterers. Hence, the number of dipoles plays a key role
in this scenario.

We set the number of dipoles as 13, 26, 52, and 104 to
observe the received power at the Rx antenna. The results are
displayed in Fig. 5. The simulation results show 3.24, 3.27,
and 2.99 dB difference when the number of dipoles increases
from 13 to 26, from 26 to 52, and from 52 to 104, respectively.
Compared with the results for a model of an untuned RIS in [10],
the received power improvement seen here is very close to
3 dB when doubling the number of dipoles. The reason for this
agreement is that the model of an untuned RIS in [10] neglected
field interactions between the RIS elements, which is a reason-
able assumption for the studied case of randomly positioned
dipoles.

C. Outdoor Scenario Without a Direct Link

In this section, we run ray tracing simulations in an outdoor
scenario: the Chicago city exported from OpenStreetMap. The
setup is shown in Fig. 6, in which we place the Tx and Rx
antennas next to two buildings and place several dipoles on the
street where the scattered waves can reach both the Tx and the
Rx antennas. However, there is no reflection path between the Tx
and the Rx antenna, i.e., the Rx antenna can only receive signals
through the dipolar scatterers. It should be noted that the Tx and
Rx antennas are all the same as the dipoles we placed on the
street as static scatterers. The heights of them are also the same.
In the simulation, we set three reflections for both the Tx-dipoles
and dipoles-Rx links and vary the number of dipoles to be 7, 14,
28, and 56. The received power results for different numbers of
dipoles are shown in Fig. 7. The power difference between 14

Fig. 6. Outdoor scenario with the direct link being blocked. The red, blue, and
purple markers represent the Tx, Rx, and dipoles, respectively.

Fig. 7. Received power results with different numbers of dipoles in an outdoor
scenario.

and 7 dipoles is 3.51 dB. The difference between 28 and 14 is
2.74 dB, and the difference between 56 and 28 is 2.67 dB. It is
found that the power difference with doubled dipole numbers
is also close to 3 dB, but it has more deviations compared with
the indoor scenario. In addition, when the number of dipoles
increases, the differences get smaller. This is a more realistic
situation because when the number of scatterers gets larger and
larger, the gain cannot always increase by the same amount.
Otherwise, the gain would reach infinity when the scatterer
number grows infinitely, which is obviously wrong. From the
comparison between the indoor and the outdoor scenario, we
can conclude that the improvement due to the increase of the
dipole numbers is higher in a rich scattering environment than
in a sparse scattering environment.

IV. CONCLUSION

In this contribution, we consider the possibility of using static
resonant dipole scatterers in the propagation environment to
improve the received power at the Rx antenna. We modify the ray
tracing model based on the bi-static scattering cross-section of a
short-circuited resonant dipole. Then, we use the MATLAB ray
tracer to simulate the received power at the Rx antenna through
the dipoles including multiple reflections in the environment. We
compare the results with different reflection materials, different
frequencies, and different numbers of dipoles. The simulation
results prove that in a scenario with a strong direct link, placing
scatterers is hardly beneficial. However, when the direct link is
totally blocked, every doubling of the number of dipoles achieves
almost 3 dB improvement in the received power. Hence, this
low-cost and easy approach can be used as an alternative or an
additional method to enhance and optimize wireless propagation
channels.
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