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ABSTRACT
Terahertz frequency band is an emerging research area related to nano-scale communications. In this frequency range,
specific features can provide the possibility to overcome the
issues related to the spectrum scarcity and capacity limitation. Apart high molecular absorption, and very high reflection loss that represent main phenomena in THz band,
we can derive the characteristics of the channel affected by
chirality effects occurring in the propagation medium, specifically, in the case where a Giant Optical Activity is present.
This effect is typical of the so-called chiral-metamaterials in
(4–10) THz band, and is of stimulating interest particularly
for millimeter wireless communications.
In this paper, we analyze the behavior of specific parameters
of a chiral-metamaterial, like the relative electrical permittivity, magnetic permeability and chirality coefficients, and
from that we derive the channel behavior both for Lineof-Sight and No Line-of-Sight propagations. We notice the
presence of spectral windows, due to peaks of resonance
of chiral parameter. Finally, performances of the chiralityaffected channel have been assessed in terms of (i) channel
capacity, (ii) propagation delay, and (iii) coherence bandwidth, for different distances.
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1.

INTRODUCTION

The increasing demand of wireless nanocommunication
systems following the framework of Internet of NanoThings [1] has motivated the need to design accurate channel
models working in the Terahertz band [2, 3]. This frequency
band represents one of the most promising spectrum bands
to enable ultra-high-speed communications, with the aim
to overcome the spectrum scarcity and capacity limitations
of current wireless systems. Indeed, existing channel modPermission to make digital or hard copies of all or part of this work for personal or
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els adopted for lower frequency bands cannot be re-used for
THz communications.
Many researchers have already presented novel channel
models for THz band [4–8], where molecular absorption and
spreading loss are the main features studied in this frequency
range. Another work [9] considers a multi-ray approach by
assuming reflected, scattered and diffracted paths, in order
to model the main THz-band channel features, such as the
distance-varying spectral windows, and the temporal broadening effects.
As it can be noticed from previous works, the channel
modeling in THz band is addressed through transfer functions that consider specific features, like molecular absorption loss, and spreading loss. However, there are other effects that deserve to be considered and analyzed, such as
the electromagnetic chirality effect and the specific features
of the propagation medium, that are normally neglected
in classical modeling of transmission channels. The relative chirality parameter is a specific characteristic of a chiral homogeneous isotropic medium. Standard values are in
the range [0, 1], but in particular media such as the chiral
complex materials where a Giant Optical Activity (GOA)
takes place, the relative chirality parameter is complex and
varies with the frequency, showing multiple peaks at specific resonance frequencies [10]. A material that exhibits a
GOA and is affected by the chirality effects is called chiralmetamaterial [11]. This is an artificial material that shows
a frequency-dependent cross-coupling between the electric
and magnetic fields. This interesting property is of great
interest to many areas of science, like analytical chemistry
and molecular biology.
In this paper, we consider a chiral-metamaterial exhibiting a GOA, and we analyze the specific behavior of channel
transfer function in case of direct and multi-path propagation, in the (4–10) THz frequency range. Due to the resonant behavior of chiral parameter, the channel model shows
specific frequency-dependent spectral windows, guaranteeing high bandwidth values.
This paper is organized as follows. In Section 2 we introduce the frequency-dependent behavior of specific parameters of a chiral-metamaterial. Starting from the concept of
electromagnetic chirality [12–14], we consider the chiral effects following the change in the propagation velocity and in
the refractive index, due to the chiral impurities inside the
propagation medium. These effects are evaluated also in the
case when the considered medium exhibits a GOA [10, 15].
Then, in Section 3 we derive the corresponding chiralityaffected channel model for THz band, and present the re-
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Figure 1: Resonant frequency-dependent behavior of relative (a) electrical permittivity, (b) magnetic permeability, and (c) chirality parameter, in the THz band from 4 to 10 THz, [10].
lated frequency-dependent spectral windows. Section 4 is
then devoted to the performances of the chiral channel, assessed in terms of capacity, propagation delay, and coherence
bandwidth, in case of LoS and NLoS propagation modes. Finally, conclusions are drawn at the end of the paper.

the authors show that for a GOA reciprocal material the
specific constitutive relations are as follows:
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where it is clear that the natural dielectric (where εb and
µb are the permittivity and permeability, respectively) becomes a metamaterial. Moreover, for a GOA material, at
the frequency around 5 THz and 8 THz, there are four resonance frequencies of the ξr relative chirality parameter i.e.,
[4.8, 5.6, 7.9, 8.2] THz.
The same consideration is applied to the relative permittivity and permeability parameters, still in the (4–10) THz
band. As reported in [10], εr and µr are complex parameters, and the real part has a frequency-dependent behavior,
with resonant peaks. Figure 1 (a), (b), and (c) depict the
trends of real parts of εr , µr , and ξr , respectively, where it
is easy to observe the resonant peaks.
Equation (2) becomes
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FULL-WAVE PROPAGATION
IN A CHIRAL-METAMATERIAL

This section is devoted to the design of a full-wave propagation model for THz band, when a GOA is working. Starting from the classic harmonic macroscopic Maxwell’s equations, we consider the electromagnetic propagation inside a
generic complex material, under the assumption that it is a
linear and chiral medium.
Unconventional materials (i.e. metamaterials) are specifically considered since the GOA is reinforced by using thin
metallic crossed-structure impurities in the host dielectric
medium, that is chiral-metamaterials [11]. Therefore, we
will consider a time-harmonic generic linear material, where
chiral (magneto/electric-optical) effects are included in the
following constitutive relations, that can be written as:

B=ξ•E+µ•H
(1)
D=ε•E+ζ •H
where we remind that B is the magnetic displacement and H
is the magnetic field, as well as D is the electric displacement
and E is the electric field. Finally, the symbol • represents
the scalar product operator, and ξ, µ, ε, and ζ are specific
tensor quantities of the material.
From (1) we observe the chirality property through the
dependence of (i) E in B, and (ii) H in D. Furthermore,
the displacement field existing inside the material is generated by an excitation expressed in terms of intensity of
the incident electro-magnetic field. Therefore, the material
under consideration is a linear chiral medium.
We remind that the chiral effects have a two-fold meaning
i.e., (i) an electric field applied on the material provides not
only an electric induction, but also a magnetic displacement,
and (ii) a magnetic field applied on the material provides not
only a magnetic induction, but also an electric displacement,
unlikely from other non-chiral materials.
As previously said, in this paper our attention is devoted
to a particular class of chiral-metamaterials (GOA). In [16],

2 −ω 2 −jωγ
ω0

2 −ω 2 −jωγ
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(3)
where ω = 2πf , ε0 , and µ0 are the absolute permittivity and
permeability, respectively. Then, the constitutive parameters of interest are:
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It is noted that the frequency resonant behavior of ξr is
a like-Drude one, and Ωε , Ωµ , Ωξ , γ, and ω0 are specific
parameters of the GOA material [16].
By simple computations, and assuming a lossy material

3.

i.e.,
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µb = Re [µb ] + jIm [µb ]

(7)
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Now, by posing the following expression for the square
relative refractive index:
ξr = ω0 Ωξ



+jω0 Ωξ

CHIRAL CHANNEL MODEL

In this section, we present how the relative chiralilty parameter affects the channel performance in the (4–10) THz
band, in the case of ray tracing propagation (i.e., LoS, and
NLoS), and under the linear polarization hypothesis. Specifically, in NLoS case, we focus on reflected paths due at
generic reflection centers located at z-plane. The reflection
characteristics of the transmissive channel can be evaluated
through the specific knowledge of the local planar geometry
associated to the reflection centers.
The use of ray tracing techniques for channel modeling in
THz band has been largely adopted, like in [7], where Han et
al. consider a multi-ray approach with one direct path, and
other reflected, scattered, and diffracted paths. According
to this approach, the channel model is the combination of
several individual narrow sub-bands, each of them with a
flat-band response. Assuming Ni narrow sub-bands, and in
the case of stationary environment, the channel response in
the i-th sub-band is given as
hi (τ ) =

εr µr + = (Re [εr ] + jIm [εr ]) (Re [µr ] + jIm [µr ]) +
+(Re [ξr ] + jIm [ξr ])2 > 0,
(11)
we observe that the following conditions hold for a GOA
material:
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where αi,n is the frequency-dependent attenuation, and τn
is the propagation delay of the n-th ray in the multi-ray
approach.
From (18), and according to the computations in [7], we
can derive the LoS and NLoS channel transfer functions in
the case of chirality-affected channel with GOA, respectively
as:
HLoS (f ) = HAbs (f ) HSpr (f ) e−j2πf τLoS ,


Re [µb ] ,

(18)

n=1

ξr2

Ωµ =
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X

(13)

(19)

and

1
νc
e−j2πf τNLoS − 2 k(f )(d1 +d2 ) ·R (f ) ,
HNLoS (f ) =
4πf (d1 + d2 )
(20)
where we assume the NLoS scenario is affected by reflected
rays only, through the rough surface reflection loss i.e., R(f ).
In (19), HAbs is the transfer function due to the molecular absorption loss, while HSpr is the spreading loss that
takes account for the chirality effect through νc that is the
propagation velocity of the electro-magnetic field in a chiral
homogeneous isotropic medium i.e.,




p

Re [εb ] Re [µb ].

(14)

It is observed that relations (12), (13), and (14) state the
connection between the host material parameters i.e., εb ,
and µb , and the specific GOA ones in order to obtain a
positive refractive index in (11).
Finally, the computation of the electro-magnetic field in
the channel is carried out through the solutions of linear
differential equations, arising from the following source-less
Maxwell’s equations:


∇ + jωξ  • E = −jωµ • H
(15)
∇ − jωζ • H = jωε • E
and the solving differential equations for E and H are given,
respectively:
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(16)
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where ∇ is Kong’s operator.
Finally, by assuming the linear polarization of the electric
field (i.e., E = Ex x̂), we obtain the final differential equation
for Ex , i.e.
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where αi with i = (1, 2, . . . , 6) are coefficients depending on
the elements of ε, µ, ξ, and ζ tensors.

νc =

c
,
nc

(21)

where c is the light propagation speed, and nc is the refractive index in a chiral medium i.e.,
p
nc = µr εr + ξr2 ,
(22)
with µr , εr and ξr frequency-dependent parameters, according to Figure 1. Finally, under the hypothesis of stationary
scenario where the transmitter and the receiver are at a distance d [m], from (19) we obtain the propagation delay for
the LoS ray as:
τLoS =

d
.
νc

(23)

For the NLoS channel transfer function expressed in (20),
by assuming d1 as the distance between the transmitter and
a generic reflecting point, and d2 as the distance between
this point and the receiver, we obtain the propagation delay
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Figure 2: Spectral windows in a chiral-affected channel with GOA. (a) Path loss, and (b) total usage bandwidth for LoS and NLoS propagation in case of a path loss threshold of 120 dB, and (c) 160 dB.
of the j-th NLoS ray along the distance (d1 + d2 ), as
τNLoS =

d1 + d2
.
νc

(24)

From the expressions of channel transfer functions in (19)
and (20), it is easy to compute the total path loss, as depicted in Figure 2 (a) in case of LoS and NLoS propagations, for different distances from transmitter to receiver,
and assuming a specific reflecting angle for multi-path. By
increasing the distance, the path loss has a higher trend.
Moreover, similarly to the results in [9], the LoS propagation (black lines) provides higher values with respect to the
NLoS scenario (blue lines). In both LoS and NLoS, the behavior is frequency-dependent, but in LoS propagation the
path loss has a smoother trend, with some peaks at 5.8, 8.09
and 8.93 THz. On the other hand, for NLoS propagation,
the peaks are well noticeable at 5.8 and 8.93 THz, while on
the other frequencies, the trend is on average flat around 70,
100 and 120 dB for LoS at d = 1, 5, and 10 m, respectively.
Similarly to the analysis conducted in [9], we aim to characterize the spectral windows of chiral channel transfer functions in case of LoS and NLoS propagation. A spectral window is given by the portion of spectrum below a given path
loss threshold. We expect to observe that the path loss peaks
caused by the chiral effect create several spectral windows,
with different bandwidths in each of them.
In the case of a path loss threshold set to 80 dB, the
communication distance is limited for NLoS propagation at
lower distance of 1 m, except the two peaks that are above
this threshold, and correspond to 5.84 THz and 8.98 THz.
According to the values assumed in [9], the threshold of
80 dB corresponds to no gains of transmission and reception
antennas, and so to a multi-path propagation model.
In order to identify the spectral windows for LoS propagation, we have to increase the path loss threshold around
120 dB, so that a few windows appear for a distance of 1 m
(see curve LoS for d = 1 m in Figure 2 (a)). However, in
this case most of the path loss for LoS propagation is above
the threshold, thus providing a reduced usable bandwidth.
Figure 2 (b) depicts the usable bandwidth versus the distance for the path loss threshold of 120 dB. We notice that
the available spectrum in LoS propagation is limited up to
4 m, reaching a maximum at 1.32 THz corresponding to a
distance of 1 m. In contrast, the NLoS propagation reaches

higher bandwidths, and then it decreases at 17 m where
the bandwidth is 0.01 THz. The bandwidth rate in LoS is
75.5 GHz/m, while it reaches 3.90 THz/m in NLoS scenario.
It follows that an increase of the path loss threshold to
160 dB is expected to provide higher values of usable bandwidth in LoS propagation, as depicted in Figure 2 (c). Higher
path loss thresholds rise from higher antenna gains, and the
transmission becomes directional through the LoS path. In
this case, the usage bandwidth in LoS propagation reaches
higher values than those for the threshold of 120 dB. The
lowest value is 0.01 THz for a distance of 15 m, and the
average bandwidth rate for LoS propagation is 2.39 THz/m.
On the other side, for NLoS propagation, the usable bandwidth reaches approximately the maximum value of 6 THz
for different distances, and then the average rate of the total usable bandwidth is 5.99 THz/m. As a result, we can
conclude that within the range (4–10) THz the available
bandwidth is almost the entire band, especially for NLoS
propagation.

4.

CHIRAL CHANNEL CHARACTERIZATION

Following the chirality-affected channel model presented
in Section 3, in this section we investigate its main features
in the (4–10) THz band. Specifically, we aim to characterize
(i) the channel capacity, (ii) the propagation delay, and (iii)
the coherence bandwidth.

4.1

Channel capacity and propagation delay

To evaluate the capacity limits in a chiral medium, we
refer to the approach adopted in [7], where the received signal has been decomposed as a sum of the sub-bands, each
one with a narrow behavior and a flat-band response. The
following constraint is adopted:
NB
X

Pi ≤ PT OT ,

(25)

i=1

where NB is the total number of sub-bands, Pi is the transmission power in the i-th sub-band, and PT OT is the total
transmit power in the (4–10) THz band. Notice that, since
the chiral parameter has a frequency-dependent behavior in
(4–10) THz band, we consider only this frequency range.
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Figure 3: Capacity of a chirality-affected channel
with GOA, versus frequency for LoS and NLoS propagation, and different distances.

Figure 4: Propagation delay versus frequency in a
chirality-affected channel with GOA, for LoS and
NLoS propagation, and different distances.

For NB sub-bands, the capacity can be defined as the sum
of the single capacities in each sub-band i.e.,

where τi and τ̄i2 are the first and second moments of the
instantaneous power-delay profile, respectively. From (27)
we can derive information about the coherence bandwidth,
defined as the range of frequencies over which the channel
correlation exceeds 50%.
In our simulations, we consider two scenarios with a variable number of NLoS reflected rays i.e., (i) one, and (ii) five,
and one direct ray. In both cases, we observe the frequencydependent behavior as typical of chiral materials exhibiting
GOA. In Figure 5 (a) we show the coherence bandwidth in
the case of one LoS and one NLoS path for different distances. As experienced in [7], higher values are reached for
shorter distances. However, we cannot compare our results
to others obtained with pre-existing approaches, since the
frequency range is not the same.
In our simulations, several peaks appear due to the chirality effects. This can allow tuning the frequency to resonant
peaks in order to obtain higher performances. For example,
for d = 1 m, the minimum value of rms delay is 0.33 ns, corresponding to 8.92 THz. This value corresponds to a symbol
rate limited to 0.1/σi = 0.29 Gbit/s to avoid inter-symbol
interference. Also, in this case, the coherence bandwidth is
limited to 0.59 GHz at the frequency peak of 8.92 THz. On
the other side, when the distance increases (i.e., d = 10 m),
the minimum rms delay is 3.6 ns at 8.92 THz. This value
provides a symbol rate limited to 27.71 Mbit/s, and the coherence bandwidth equals to 55.43 MHz, still at the same
frequency.
Performances get worst in case of multiple reflected paths,
as shown in Figure 5 (b). For d = 1 m the minumum rms is
0.78 ns, which corresponds to a symbol rate of 0.12 Gbit/s
and a coherence bandwidth of 0.25 GHz. For higher distances (i.e., d = 10 m) the minimum rms is 7.31 ns, corresponding to a coherence bandwidth is 27.3 MHz and symbol
rate of 13.6 Mbit/s.

NB
X

NB
X


|hi |2 Pi
,
C=
Ci =
∆fi log 1 +
∆fi SN (fi )
i=1
i=1


(26)

where SN is the power spectral density of the additive white
Gaussian noise, and ∆fi is the sub-band range among two
consecutive sub-bands i.e., ∆fi = fi+1 − fi , assumed as
10 GHz in our simulation results. We assume a flat power
profile, that is the total power transmission is uniformly
distributed over the entire operative band (i.e., from 4 to
10 THz). Also, we consider a power level of 46 dBm in all
the sub-bands i.e., NB = 600.
Figure 3 depicts the chirality-affected channel capacity
with GOA in case of LoS and NLoS scenario. We notice
that with a reduction of distance, the capacity decreases
as well, and also the LoS scenario has a smoother behavior with respect to the frequency, while the NLoS shows an
accentuate frequency-dependent trend, with distinguishable
peaks at resonance frequencies. Specifically, in LoS, the capacity has an almost flat behavior, with a mean value of
0.22 Gbit/s for d = 10 m. Performances get worst in the
case of NLoS propagation for d = 1 m, where we observe a
degradation of capacity at 5.81 and 8.92 THz, corresponding
to 25.65 Mbit/s and 24.47 Mbit/s, respectively.
From the expressions in (23) and (24), the propagation
delay in LoS and NLoS scenarios is depicted in Figure 4.
We observe the frequency-dependent behavior due to the
chiral effect, and as expected, performance gets worst when
the distance increases. An almost-flat behavior is shown for
LoS at short distances (i.e., d = 1 m), while a resonant
trend appears when increasing the distance, as well as in
NLoS scenario due to the longer distances covered. Finally,
we observe that the propagation delay both in LoS and NLoS
case shows lower values corresponding to 5.81 and 8.92 THz.

4.2

Coherence bandwidth

The root mean square (rms) delay spread is a measure of
how dispersive the channel is. It is expressed as [9]:
q
(27)
σi = τi2 − τ̄i2 ,

5.

CONCLUSIONS

In this paper, we have presented the performance of a
chirality-affected channel with GOA, under the hypothesis
of LoS and NLoS propagation in the (4–10) THz band. We
considered the effects of the relative chiral parameter, assuming a frequency-dependent behavior with resonant peaks
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Figure 5: Coherence bandwidth in a chiralityaffected channel with GOA, in case of (a) one LoS
and one NLoS path, an (b) one LoS and five NLoS
paths.
at specific frequencies. As a result, this affects the channel
transfer function, as well as other performances. In particular, we identified the spectral windows that rise from the
chiral effect, and the associated usable bandwidths. The
spectral windows vary with the distance and the frequency,
with corresponding bandwidths up to 6 THz, both in LoS
and NLoS propagation. Other results allows to identify specific frequencies that guarantee high performances. As an
instance, the rms delay is dependent on the distance and
carrier frequency, and reaches minimum values at 8.92 THz,
corresponding to higher coherence bandwidths.
We can conclude that this particular material exhibiting GOA can guarantee high performances, especially at
lower distances. Also, distance-adaptive and multi-carrier
transmissions represent the more appropriate communication techniques that can benefit from the relationship between distance and bandwidth in the range (4–10) THz.

6.
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