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Abstract—In this paper, we show how the absorption and reradiation energy from molecules in the air can influence the
Multiple Input Multiple Output (MIMO) performance in highfrequency bands, e.g., millimeter wave (mmWave) and terahertz.
In more detail, some common atmosphere molecules, such as
oxygen and water, can absorb and re-radiate energy in their
natural resonance frequencies, such as 60 GHz, 180 GHz and
320 GHz. Hence, when hit by electromagnetic waves, molecules
will get excited and absorb energy, which leads to an extra
path loss and is known as molecular attenuation. Meanwhile,
the absorbed energy will be re-radiated towards a random
direction with a random phase. These re-radiated waves also
interfere with the signal transmission. Although, the molecular
re-radiation was mostly considered as noise in literature, recent
works show that it is correlated to the main signal and can
be viewed as a composition of multiple delayed or scattered
signals. Such a phenomenon can provide non-line-of-sight (NLoS)
paths in an environment that lacks scatterers, which increases
spatial multiplexing and thus greatly enhances the performance
of MIMO systems. Therefore in this paper, we explore the
scattering model and noise models of molecular re-radiation to
characterize the channel transfer function of the NLoS channels
created by atmosphere molecules. Our simulation results show
that the re-radiation can increase MIMO capacity up to 3 folds
in mmWave and 6 folds in terahertz for a set of realistic transmit
power, distance, and antenna numbers. We also show that in the
high SNR, the re-radiation makes the open-loop precoding viable,
which is an alternative to beamforming to avoid beam alignment
sensitivity in high mobility applications.
Index Terms—Wireless Networks, Terahertz radiation, THz,
Millimeter wave communication, MIMO, Spatial diversity, Rician
channels, Molecular Absorption, Noise

I. I NTRODUCTION
The relentless growth of data traffic is presenting significant
challenges for wireless network providers. Fixed Wireless
Access (FWA) connections are expected to increase three folds
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by the end of 2025 while the total mobile data volume will
grow more than fourfold during the same period [1], requiring
enormous capacity enhancements in wireless communication
systems. 5G systems aim to provide a peak data rate of 10
Gbps per user [2] while 6G is expected to enhance capacity
10–100 times over 5G [3]. In addition to cellular network
capacity demands, local wireless networks are expected to
support Tbps data rates [4] to realize super bandwidth-hungry
applications such as wireless virtual reality (VR) [5].
The major portion of the wireless communication traffic
currently uses frequencies below 6 GHz. Unfortunately, this
part of the spectrum is currently highly saturated and will
soon become overloaded. Thus, in spite of the very efficient
spectrum use in recent wireless standards, it is becoming
necessary to utilize the higher frequency bands above 6 GHz
to realistically accommodate the future traffic growth. In particular, largely unused parts of the spectrum in the range of 30300 GHz, a.k.a. mmWave band, is currently being considered
for use in 5G/6G systems [6]. To achieve extremely high
bit rates, the terahertz band in the range of 0.1-10 THz is
also being considered by many research groups [7] for shortrange applications such as nanoscale sensor networks [8],
wireless on-chip communications, and wireless personal area
networks [9].
Unfortunately, such high-frequency bands not only suffer
from high path loss but also encounter severe frequencyselective molecular absorption, which is not observable in
sub-6 GHz frequencies. Recent studies have confirmed that
the molecules in the communication medium can absorb
significant amounts of wireless signal energy if excited in
their natural resonance frequencies [9–12]. For a normal atmosphere, oxygen and water molecules are the major players in
molecular absorption with their natural resonance frequencies
at around 60 GHz, 180 GHz, 320 GHz, and so on. Interestingly, according to fundamental physics, the atmospheric
molecules not only absorb the energy from the high-frequency
electromagnetic waves but they also re-radiate some of the
absorbed energies at the same frequencies shortly after their
absorption. Although this re-radiation is basically a source of
additional noise [11, 13] for high-frequency bands, detailed
theoretical and experimental studies have revealed that it is
highly correlated to the main signal [14, 15] and hence can be
modeled as a scattered copy of the original signal [10].
The absorption and re-radiation of the electromagnetic wave
are not limited to oxygen and water. An experiment has
shown that nitrogen dioxide molecules absorb energy from
a terahertz pulse and re-radiate a distorted copy of the pulse
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shortly after [15]. Molecules of carbon dioxide absorb photon
energy in infrared frequency and shortly re-radiate them in the
same band [12]. In the ultraviolet spectrum, ozone is the primary constituent that absorbs and re-radiates electromagnetic
waves [16]. The positive role of the molecular re-radiation,
known as molecular scattering, in ultraviolet communication is
widely studied theoretically and experimentally where a practical non-line-of-sight (NLoS) channel is created by molecules
and aerosols [16–18].
Therefore, as a preliminary investigation into taking advantage of potential NLoS signal reception due to molecular reradiation, we conduct a theoretical study on the performance
impacts of the re-radiation behavior of oxygen and water vapor
molecules on MIMO systems. In this paper, the molecular reradiation is analyzed under two different approaches: (1) reradiation is considered as random noise, or (2) re-radiation
is treated as correlated scattering. As widely known, noise is
harmful for both single antenna and multi-antenna channels,
while scattering is viewed as a very important factor to
provide spatial multiplexing in MIMO. Since the molecular
absorption intensity depends on the resonance frequencies of
the molecules in the atmosphere, the energy absorption and reradiation are not flat in the mmWave/terahertz spectrum. Thus,
the wireless channel experiences a frequency-selective noise or
scattering along with the frequency-selective attenuation [19].
Based on the aforementioned interpretation of molecular
re-radiation, we propose the conjecture that the MIMO performance in the mmWave and terahertz bands would also be
frequency-selective. We verify our conjecture via theoretical
studies and computer simulations, which show that the MIMO
capacity increases dramatically in specific high-absorption frequency windows thanks to the ubiquitous existence of oxygen
and water molecules. The intuition of our theoretical study is
that the channel molecules can radiate a distorted copy of the
signal with an additional random phase, which equivalently
creates a richer scattering environment and consequently the
potential to improve the line-of-sight (LoS) MIMO capacity.
Our discovery can fundamentally change our understanding of the relationship between the MIMO capacity and
the frequency spectrum. While the literature has extensively
studied frequency selectivity of mmWave/terahertz communications [20–23], our study provides a new perspective of
frequency selectivity in the context of MIMO performance
in these emerging spectrum bands. Importantly, our results
reveal that several mmWave and terahertz frequency windows
can serve as valuable spectrum for high-efficiency MIMO
communications, which may in turn shift the paradigm of
research, standardization, and implementation in the field of
high-frequency communications. In the future, it may be even
possible to engineer mechanics at the transmitter/receiver side
to change the vapor and/or oxygen densities in the medium,
which would in turn proactively change the mmWave/terahertz
channel environment to boost system capacity.
We have published parts of the results in our previous
papers [24–26]. In [24], we simulated a simple MIMO system
in the mmWave band and showed the impact of re-radiation
on the performance of the multiplexing technique. In the
second step [25], we compared beamforming and multiplexing

techniques in a massive MIMO system in the terahertz band.
The main contributions of this paper can be summarized as
follows:
• We analyze the theoretical upper bound and lower bound
of MIMO capacity under the scattering model of molecular re-radiation.
• For the scattering model of re-radiation, we re-define the
Rician K-factor with the absorption coefficient.
• We investigate the extended multiplexing technique with
the optimal precoding matrix and power allocation
scheme which owns beamforming and multiplexing benefits together. We show it can outperform the beamforming
technique in the presence of molecular re-radiation.
The rest of the paper is structured as follows. In Section II,
a brief literature review is presented. In Section III, we
firstly present the molecular absorption model, and then the
fundamental theory of MIMO capacity is reviewed. Section IV
analyzes MIMO capacity versus the molecular re-radiation,
followed by simulation results and insightful discussions in
Section V. The conclusion is presented in Section VI and the
future research directions are discussed in Section VII.
II. R ELATED W ORK
Molecular absorption and re-radiation are well-known phenomena, which have been studied extensively in the literature
for mmWave and Terahertz bands [13, 14, 27–29]. The majority of these works have considered the re-radiated energy
as a form of random noise. The molecular absorption noise
has been studied in the literature as early as 1986 when the
authors in [13] proposed a model for the sky atmospheric
noise for frequencies higher than 18GHz. However, they
mostly investigated the sky noise where the magnitude is not
influenced by the amplitude of the transmitted signal. This
type of molecular noise has been referred to as brightness
noise in ITU recommendation [30] where it is modeled as
antenna noise. Moreover, in [13, 14, 31], it has been assumed
that the intensity of the transmitted power affects the molecular
noise, which is known as self-induced noise. Authors in [14]
have proposed that the self-induced noise should be correlated
to the original signal, and modeled it as scattering from
multiple virtual NLoS paths [10]. However, the proposed
model in [10] only characterized the power delay profile of
the channel and did not include the phase information of reradiated waves. Furthermore, authors in [10] have presented
a comprehensive discussion on alternative interpretations of
molecular re-radiation as noise or scattering.
An interesting experimental study has shown that the
medium molecules can absorb and re-radiate a subpicosecond
terahertz pulse [15]. More specifically, the authors have excited
N2 O molecules in a relatively short channel with a terahertz
pulse and observed that a train of subpicosecond pulses was
re-radiated by channel molecules. The relative amplitude of
the first re-radiated pulse was measured as one tenth of the
excitation pulse.
Several studies have investigated the effect of atmospheric
conditions on the mmWave channel [19, 32–35]. In particular,
it was found that heavy rainfall would severely attenuate
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mmWave communications [36]. The rainfall was modeled and
evaluated in [35] where the authors found that mild rainfall
could in fact have a positive effect on MIMO performance as
the raindrops were found to act as scatterers and improve the
MIMO multiplexing gain. Interestingly, they also found that
with increasing rain, the attenuation dominates the scattering
effects of the raindrops, which results in capacity degradation
under heavy rain.
In [16–18], authors have discussed the possibility of NLoS
communication in the Ultra-Violate (UV) spectrum thanks to
tropospheric molecular and aerosols scattering. In the UV
spectrum, ozone is the primary constituent that absorbs and
scatters the electromagnetic wave. All these works have conducted numerical and experimental analysis to show that the
NLoS scattering by air can be an alternative to LoS communication where UV LoS channel is vulnerable to blockage and
shadowing. However, to the best of our knowledge, there is
no previous work on studying the impact of the molecular
absorption and re-radiation on the MIMO capacity.
III. C HANNEL M ODEL AND MIMO C APACITY
In this section, we present the channel model that considers
the effect of molecular absorption and re-radiation on the
electromagnetic waves propagating through the channel. Later,
MIMO capacity is analyzed for such channels.
A. Molecular Absorption Coefficient
The absorption of a given molecule is characterized by
absorption coefficient ki (f ) at frequency f , which varies with
pressure and temperature of the environment. The molecular
absorption coefficients of many chemical species for different
pressure and temperature are available from the publicly accessible databases such as HITRAN [37] and NIST Atomic Spectra [38]. To model molecular absorption of a communication
channel, let us assume that the wireless channel is a medium
consisting of N chemical species where m1 , m2 , ..., mN are
the mole fraction per volume of spices. The medium absorption coefficient, i.e., k(f ), at frequency f is, therefore,
a weighted sum of the molecular absorption coefficients in
the medium [11], which can be formulated as
k(f ) =

N
X

mi ki (f ),

(1)

i=1

where ki (f ) is the molecular absorption coefficient of species
i. It should be noted that climate conditions, such as
summer versus winter, or even the weather changes during the day would affect the absorption coefficients in the
mmWave/terahertz band [19]. In this work, we extract ki (f )
from HITRAN [37] for some predefined standard atmospheric
conditions as shown in Table II.
B. Attenuation of Radio Signal
The attenuation of the electromagnetic signal at the
mmWave/terahertz frequencies is due to free space path loss
(FSPL) and molecular absorption [39]. The total attenuation

at frequency f at a distance of d from the radio transmitter
can be written as
A(f, d) = AFSPL (f, d) × Aa (f, d),

(2)

where AFSPL (f, d) and Aa (f, d) denote the attenuation due to
FSPL and molecular absorption, respectively. In more detail,
the FSPL attenuation is given by
2

4πf d
,
(3)
AFSPL (f, d) =
c
where c is the speed of light. The attenuation due to molecular
absorption is characterized as [39]
Aa (f, d) = ek(f )×d ,

(4)

where k(f ) is the absorption coefficient of the medium at
frequency f . Thus, the received power for LoS path is obtained
as
Pt (f )
Pr,LoS (f, d) =
A(f, d)
2

c
× e−k(f )×d . (5)
= Pt (f ) ×
4πf d
C. Molecular Re-radiation
The absorbed energy excites the channel molecules by
increasing their vibrational-rotational energy levels [12]. The
excitement is temporary and the vibrational-rotational energy
returns to a steady state where the absorbed energy is reradiated in the same frequency. In the literature, the re-radiated
energy is commonly assumed as an additional source of noise,
often referred to as the molecular noise [9]. As different
molecule species exhibit different resonance frequencies, the
power spectral density of the molecular noise, Na , is not flat
over its spectrum. Generally speaking, both the atmospheric
noise, Natm , and the self-induced noise, Nsi , contribute to the
molecular noise as investigated in [11, 13]:
Na (f, d) = Natm (f, d) + Nsi (f, d),

(6)
 c 2
Natm (f, d) = limd→∞ (kB T0 (1 − e−k(f )d )) √
, (7)
4πf
 c 2
Nsi (f, d) = Pt (f )(1 − e−k(f )d )
,
(8)
4πf d
where T0 is the reference temperature (296K), kB is the
Boltzmann constant, Pt (f ) is the power spectral density of the
transmitted signal and c is the speed of light. The first term
in (6), which is also called sky noise (7), is independent of
the signal wave. However, the self-induced noise (8) is highly
correlated with the signal wave [14], and can be considered as
a distorted copy of the signal wave. Thus, the received power
of the signal re-radiated by the molecules can be expressed as
follows:
 c 2
.
(9)
Pr,a (f, d) = Pt (f )(1 − e−k(f )d )
4πf d
Since the phase of the re-radiated wave depends on the
phase of molecular vibration, which varies from molecules
to molecules [40], the received power is actually affected by a
large number of phase-independent re-radiated photons. Thus,
the phase for the received signal, β, is assumed to be uniformly
distributed in the range [0, 2π), with its power given by (9).
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D. Channel Transfer Function
by

The channel transfer function of an LoS channel is given
s
2
d
c
hLoS (f, d) =
e−k(f )×d × ej2π λ
4πf d
(10)


d
c
j2π λ
−k(f )× d
2
=
×e
.
e
4πf d

Then, the partial channel transfer function resulting from
the molecular absorption and excluding the LoS component
can be represented by
s
 c 2
ha (f, d) = (1 − e−k(f )d )
× ej2πβ
4πf d
(11)
 c 
j2πβ
−k(f )d 12
×e
.
= (1 − e
)
4πf d
Hence, the total channel transfer function is the superposition of the partial channel transfer functions, which is written
as
h(f, d) = hLoS (f, d) + ha (f, d)


d
d
c
=
e−k(f )× 2 × ej2π λ
4πf d
 c 
1
+(1 − e−k(f )d ) 2
× ej2πβ .
4πf d

(12)

E. MIMO Channel Model and Capacity
In this work, a point to point wireless communications
system is considered with multiple antennas where the number
of antennas at the receiver and transmitter equals to nr and nt ,
respectively. A generic wireless channel is considered where
the up-link and down-link directions are outside the scope
of the study. The received signal vector y at nr receiving
antennas can be formulated as [41]
y = Hx + n,

(13)

where x is the transmitted signal vector form nt transmitting
antennas, and n is an nr × 1 vector with zero-mean independent noises with variance σ 2 . The channel matrix H is defined
by


h11
h12 . . . h1nt
 h21
h22 . . . h2nt 


H,
(14)
..
..
..  ,
..

.
.
.
. 
hnr 1 hnr 2 . . . hnr nt
where hij is a complex value denoting the transfer coefficient
between the ith receiving antenna and the jth transmitting
antenna. Note that hij can be obtained from (12) for frequency
f and distance dij . The channel coefficients of a MIMO
system consisting of 3 antennas at both the transmitter and
the receiver is presented in Fig. 1.
For a MIMO system with equally distributed power among
the transmitting antennas, the capacity can be written as
C = log2 det(Inr +

P
HH† ),
nt σ 2

(15)

where P is the total transmit power, H† is the Hermitian
transpose of H and I is the identity matrix [41].

Fig. 1: A 3x3 MIMO system, the channel transfer coefficient
hij of each antenna pair between transmitters and receivers is
shown.
The singular value decomposition (SVD) of the channel
transfer matrix H can be given by:
H = UΣV† ,

(16)

where U and V,respectively, are nr × nr and nt × nt unitary
matrices, Σ is a rectangular diagonal nr ×nt matrix and V† is
the Hermitian transpose of V. The non-negative real diagonal
elements of matrix Σ, λ1 ≥ λ2 ≥ ... ≥ λm , are the ordered
singular values of matrix H. Hence, the squared singular
values λ2i denote the eigenvalues of the matrix HH† . The
SVD decomposition describes an equivalent MIMO system
with parallel independent channels where ith channel is a
virtual single-input-single-output (SISO) with a gain λi and
the allocated power Pi . Therefore, the capacity of the MIMO
system is equal to the cumulative capacity of the independent
SISO channels [42]
C=

m
X

log2 (1 +

i=1

Pi λ2i
),
σ2

(17)

where m is the number of non-zero λ2i , m ≤ min(nr , nt ),
P λ2
which is also called the rank of H. σi 2 i is the associated
received signal-to-noise ratio (SNR) to each SISO channel.
Furthermore, the SNR of the equivalent channel should meet
a minimum threshold to be reliably detectable by the receiver.
In this paper, we assume 0 dB as the SNR threshold.
F. SVD-Based Precoding
Precoding technology assigns different precoder weights to
independent data streams transmitted by multiple antennas,
aiming to enhance the transmission rate or the transmission
reliability by exploiting the spatial dimension [43]. We assume
that the transmitter has z independent data streams to transmit
simultaneously, denoted by s = [s1 , ..., sz ]T , z ≤ min(nr , nt ).
With the linear precoding scheme, a precoding matrix W is
used to generate the precoded signal vector x,
x = Ws.

(18)

We assume the precoder matrix is orthonormal i.e.,
W† W = Iz [43].
The optimal linear precoder in term of capacity can be
obtained by choosing W = Vz Q, where the Vz is an nt × z
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matrix constructed by the first z columns of V in (16) and Q
is a diagonal matrix for power allocation [43, 44]. If P is the
total power constraint,
p
p
Q = diag{ Pi , ..., Pz },

where

z
X

!
Pi

≤ P. (19)

i=1

1) Optimal Beamforming: In the absence of multipath
channel, a single stream beamforming (BF) is used to focus
energy in one direction and improve the SNR. In this approach,
the same copy of data is sent to all transmitter antennas to form
a directional beam and exploit the high single power gain [45].
Therefore, z = 1 and the optimal precoder vector is
√
(20)
W = P V1 ,
where V1 is the first column of V [46]. This technique also
is known as Closed-loop rank-1 precoding and is optimal for
the LoS channel where the rank of the channel transfer matrix
is one [45].
2) Closed-Loop Spatial Multiplexing: As mentioned above,
multiplexing aims to exploit spatial multiplexing to increase
channel throughput. Hence, it is optimal when exploiting all
the parallel sub-channels to maximize the channel capacity.
But the number of parallel channels depends on the channel
rank, the so-called degree-of-freedom, i.e., the number of
non-zero singular values in Σ. The channel is full rank if
the channel matrix H is sufficiently random. In presence
of Channel State Information (CSI) at the transmitter, the
optimal multiplexing is to send an independent data stream
on each sub-channel which is known as Closed-Loop Spatial
Multiplexing. In other words, if we consider a full rank
channel, z = min(nr , nt ) and
W = VQ.

(21)

The optimal power allocation Q can be obtained by the
water-filling scheme. In this way, the equivalent virtual SISO
channel with a larger channel gain, λi , will be allocated with
a larger transmit power, Pi . That is,


σ2
(22)
Pi = µ − 2 ,
λi
where µ is chosen to satisfy the overall power constraint.
Hence, the transmitter needs to know all the elements of the
matrices V and Σ for precoding and adopting the water-filling.
Note that for a pure LoS channel with rank 1, there is only
one independent sub-channel. Therefore, both multiplexing
√
and beamforming use the precoding matrix, W = P V1 ,
which results in the same capacity.

3) Open-Loop Spatial Multiplexing: When the channel
information is unknown, an Open-loop spatial multiplexing
scheme can be used to maximize the spatial multiplexing
capacity [44, 45], where the equal power allocation and the
identity matrix, Int , are used to adapt the precoding matrix.
That is,
√
(23)
W = P Int .
Also, due to the unknown channel information, data can be
decoded using maximum-ratio combining (MRC) method [42].
IV. MIMO C APACITY WITH M OLECULAR R E - RADIATION
M ODELED AS S CATTERING
In this section, we analyze MIMO capacity when molecular
re-radiation is assumed to be scattering. To quantitatively
characterize the scattering richness of the channel, we firstly
decompose and normalize the channel transfer function, H, as
r
Ĥ(f, d) =

K
ĤLoS (f, d) +
K +1

r

1
Ĥa (f, d), (24)
K +1

where Ĥ, ĤLoS and Ĥa are normalized matrices of H, HLoS
and Ha , respectively. Because of the uniformly distributed
random phase of the large number of re-radiated signals, the
elements of Ĥa are approximately independent and identically
distributed (i.i.d) complex Gaussian random variables [47]
with zero mean and unit magnitude variance. Denoted by
K, the ratio of powers of the LoS signal and the re-radiated
components under the assumption that the channel distance is
much larger than the antenna array size, can be obtained by
K=

Pr,LoS (f, d)
e−k(f )d
.
=
Pr,a (f, d)
1 − e−k(f )d

(25)

This is also known as the Rician K-factor in Rician fading
model. Equivalently, K-factor represents the channel richness
in terms of scattering and multipath rays. Equation (25)
shows that K is a decreasing function of both the absorption
coefficient k(f ) and the distance between the transmitter and
receiver d. Fig. 2 illustrates how K-factor changes with the
absorption coefficient in the atmosphere for a distance of 1100m. The MIMO capacity in relation to the Rician K-factor
has been well studied in the literature [48], [49] and [50].
Obtaining a closed-form expression of the MIMO capacity
as a function of k(f ) is very complicated. Hence, we state
the lower and upper bounds of the expected capacity of the
MIMO channel as a function of k(f ) in two lemmas. Lower
bound expression is stated as Lemma 1 based on [50] where
authors showed the lower bound of the expected capacity of
a Rician channel.

Lemma 1. When the transmitter does not have CSI and the power is allocated equally to all transmitter antennas, the capacity
lower bound of a Rician channel is the capacity contributed by the NLoS component:
r
1
(26)
E(C(Ĥ), ρ) ≥ E(C(Ĥa ),
ρ),
K +1
p
(27)
=⇒ E(C(Ĥ), ρ) ≥ E(C(Ĥa ), 1 − e−k(f )d ρ),
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where E(.) denotes the expectation, ρ is the received SNR for equivalent single channel and E(C(Ĥ, ρ) is the average capacity
of a channel with normalized channel transfer matrix Ĥ and a reception SNR ρ. It is clear that the lower bound is an increasing
function of the absorption coefficient.
Proof. See [50].
On the other hand, the capacity upper bound of a Rician MIMO channel with perfect CSI at receiver and transmitter where
the power is optimally distributed among antennas with a water-filling algorithm is also presented in [48]:



+ !
nr (1 + nt K) 
ρ K(1 + K)
ρ
K(1 + K)
min
+
E(C(Ĥ), ρ) ≤log2 1 +
,
nt +
−
K +1
nt nr (1 + nt K)
nt
nr (1 + nt K)
(28)

+ !
nr
ρ
K(1 + K)
(nt − 1)log2 1 +
,
−
1 + K nt
nr (1 + nt K)
where [x]+ = max(x, 0).
To obtain a simpler expression, let us consider a specific scenario where nr = nt = n:
Lemma 2. When there is perfect CSI at receiver and transmitter and the power is allocated optimally to transmitter antennas,
the capacity upper bound of a Rician channel is




+ 
e−k(f )d
e−k(f )d




−k(f
)d
−k(f
)d
1−e
1−e
ρ −
 
E(C(Ĥ), ρ) ≤log2 1 + (1 + (n − 1)e−k(f )d ) min ρ,
n
+
 (1 + (n − 1)e−k(f )d ) 
(1 + (n − 1)e−k(f )d )


+ 
−k(f )d
+ (n − 1)log2 1 + (1 − e−k(f )d ) ρ,

(1 +

e
1−e−k(f )d

(n − 1)e−k(f )d )

.
(29)

Proof. See [48].

V. S IMULATION
In this section, simulation results of MIMO in the presence
of molecular absorption and re-radiation are presented.
A. Simulation Set-up

0.01
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0.004
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0

Fig. 2: Rician K-factor varies with the absorption coefficient
and distance.

s

-0.002
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-0.008
s
-0.01
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We can see two extreme cases: the low absorption k(f ) = 0
and the high absorption k(f ) = ∞. Hence, the capacity of a
Rician channel for MIMO will limit to

0.005

d
0
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-0.02
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0.1
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C = nlog(1 + ρ),

(30)

Fig. 3: Illustration of a MIMO system with uniform square
arrays.

lim C = log(1 + n2 ρ).

(31)

To evaluate the performance impact of the molecular absorption on the MIMO capacity in the mmWave/terahertz
band, we consider an n × n MIMO system with two square
uniform arrays as illustrated in Fig. 3. The inter-element
spacing, s, is equal to half of the wavelength while the channel
distance, d, represents the distance between the transmitter and

lim
k(f )→∞

k(f )→0

Note that from (25), k(f ) = ∞ means an extremely high
re-radiation channel, which provides a pure Rayleigh channel.
In contrast, k(f ) = 0 implies no re-radiation, i.e., a pure LoS
channel.
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TABLE I: Simulation parameters
1 ∼ 50 m
0.5λ (wave length)
random
random
64 in mmWave, 225 in terahertz
5, 15 dB
−80 dBm
150 mW in mmWave and 1 mW, 10 mW in terahertz

Transmitter and receiver distance (d)
Inter-element spacing (s)
Transmitter array angle
Receiver array angle
Number of antennas on each side (n)
SNR (in fixed SNR configurations)
Non-molecular noise
Transmit power

10 0
Absorption Coefficient (m

150

0
10 -5

400

Analytical upper bound
Simulation - CL-MP
Simulation - OL-MP
Analytical lower bound

10 0

10 5
-1

10 0

)

10 0

10 5
)

Fig. 4: Analytical bounds and simulation results of 64x64
MIMO capacity versus absorption coefficient for different
SNR and distance. The re-radiation is assumed as scattering.

the receiver. All simulations parameters are defined in Table I.
Some of these parameter values are varied to achieve a more
comprehensive evaluation of the MIMO system under different
conditions. Given that molecular re-radiation produces random
phases, a large number (5000) of test cases are evaluated and
averaged to obtain the result for each parameter value.
The absorption coefficients are obtained from HITRAN [37]
for some predefined standard gas mixtures of the atmosphere at
sea level, which is accessible online 1 . The related information
of the predefined gas mixtures is shown in Table II. Recall
that the oxygen and water molecules are the main absorption players in the normal atmosphere at mmWave/terahertz
bands [19]. While the oxygen ratio is invariant, the amount
of water molecules in the air is variable. We use the highest
and lowest water ratio in Table II, i.e., the ”USA model, high
latitude, winter” and ”USA model, tropics”. The corresponding absorption coefficients are shown in Fig. 6 and Fig. 11a
for the mmWave and terahertz band, respectively, which are
calculated using the ambient temperature of 273 K and the sea
level pressure of 1 atm.
B. Impact of Absorption Coefficient on MIMO Capacity
In this subsection, MIMO performance is evaluated with the
re-radiation modeled as scattering. A 64x64 MIMO system at
60 GHz is investigated with a realistic absorption coefficient
1 http://hitran.iao.ru/gasmixture/simlaunch
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Fig. 5: Empirical distribution of singular values of matrix √Hn
for different K-factor. For K → −∞ dB, it converges to the
quarter circle law.

range between 10-5 ∼10+3 . The uniform and the water-filling
power allocations are plotted and labeled in Fig. 4 as OL-MP
and CL-MP, respectively.
From Fig. 4, it can be observed that the capacity of MIMO
lies between the theoretical bounds, which verifies the lemmas
proposed in Section IV. An interesting observation is that the
MIMO capacity increases with higher absorption coefficients.
For example, under 5 dB SNR, we obtain a capacity of
only 9.5 bps/Hz when the absorption is very low, i.e., the
MIMO experiences a pure LoS channel. In contrast, we obtain
100 bps/Hz with uniform power allocation and 130 bps/Hz
with water-filling when the absorption coefficient is high. This
result indicates that improved MIMO capacity can be expected
for frequency windows where the absorption coefficient of
the channel peaks. Finally, we notice that the capacity curve
against the absorption coefficient starts to increase sooner for
larger distances, which can be explained by the fact that a
physically longer channel would contain more molecules to
create more intense scattering. This phenomenon can also be
seen in Fig. 2, where a longer distance results in a smaller Rician K-factor. However, a longer transmission distance would
also lead to a larger path loss, which would eventually have a
negative effect on MIMO capacity for the long-distance communications. The impact of distance on the MIMO capacity
will be evaluated in more detail in Section V-C.
From the other perspective, the re-radiation changes the
channel transfer matrix from a deterministic one to a random
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TABLE II: Atmosphere standard gas mixture ratio in percentage for different climates at sea level [37]
USA model:
mean latitude, summer
mean latitude, winter
high latitude, summer
high latitude, winter
tropics

H2O
1.860000
0.432000
1.190000
0.141000
2.590000

CO2
0.033000
0.033000
0.033000
0.033000
0.033000

O3
0.000003
0.000003
0.000002
0.000002
0.000003

N2O
0.000032
0.000032
0.000031
0.000032
0.000032

CO
0.000015
0.000015
0.000015
0.000015
0.000015

CH4
0.000170
0.000170
0.000170
0.000170
0.000170

O2
20.900001
20.900001
20.900001
20.900001
20.900001

N2
77.206000
78.634779
77.876781
78.925780
76.476779

60

USA model, high latitude, winter
USA model, tropics

10 -2

Winter
Tropic

50

Rank(H)

10 -3
10 -4

40
30
20

10 -5

10
0
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Frequency (GHz)

200
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0
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Fig. 6: Absorption curves in different climates
(temperature=273 K, pressure=1 atm). Absorption peaks
are exhibited at resonance frequencies of oxygen and water
molecules.

matrix. When the channel matrix is deterministic, it has a
degree-of-freedom equal to one where the first singular value
is significant and the others are almost zero. The molecular reradiation changes the singular value distribution of the channel
matrix. We show the empirical distribution of singular value
with various absorption coefficient in Fig. 5. It can be seen
that the distribution converges to the well-known quarter-circle
law, [51], with a large absorption coefficient.
C. Impact of Absorption Coefficient on MIMO Channel Characteristics
In Fig. 6, the channel absorption coefficient against frequency is plotted for the mmWave band for high latitude
winter and tropic atmosphere. It is observed that the absorption peaks at 60 GHz and 120 GHz, which are the resonance frequencies of oxygen molecules. Absorption also
peaks at 180 GHz, which is the resonance frequency of water
molecules. For the two climates, the significant difference in
the absorption coefficient at 180 GHz is due to the significant
difference in their water contents in the atmosphere. This result
clearly shows that the oxygen and water resonance frequencies
are the main frequencies in the high-frequency bands where
we can expect high absorption and re-radiation.
Next, we investigate the impact of the absorption peaks on
MIMO channel characteristics. In particular, we are interested
to observe how the channel rank, K-factor and condition
number are affected by absorption peaks.
For a 64x64 MIMO, Fig. 7 plots the channel rank, K-factor
and condition number over the mmWave band for high latitude
winter (low water content) and tropic atmosphere (high water
content). We know that the physical MIMO channel can be
modeled with m equivalent parallel channels with gains given
by the singular values λi where m = min(nr , nt ) and i= 1, 2,
...,m. The channel rank is defined by the number of equivalent
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(a) Channel rank
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4
2
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200
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(c) Condition number

Fig. 7: Channel characteristics of a 64x64 MIMO channel over
mmWave band. Channel rank, K-factor and condition number
are affected by absorption peaks at 60, 120 and 180 GHz.

channels that provide decent SNRs greater than a threshold,
which is assumed here as the receiver sensitivity of 0 dB.
Fig. 7a shows that the channel rank peaks at absorption peaks.
However, the absorption is not high enough in the mmWave
band to yield a full rank channel (rank is still below 64).
Fig. 7b shows that the K-factor of the mmWave band drops at
absorption peaks, which indicates that there are stronger multipath signal components resulting from stronger molecular reradiation at those peaks. For example, we see that the K-factor
is about 10 dB at 180 GHz for the tropic atmosphere, which
indicates that the received signal power from the NLoS is as
strong as that received from the LoS. Finally, we find (see
Fig. 7c) that the condition numbers at 60 GHz and 180 GHz
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decrease to almost 1, which indicates that the distribution of
the eigenvalues is significantly improved at those peaks.

150
Frequency (GHz)

200

250

300

(b) distance = 20 m
30
BF - rx/tx CSI
OL-MP
CL-MP - rx/tx CSI
SISO

25

Capacity (bps/Hz)

Fig. 8: 64x64 MIMO capacity for different atmospheres over
mmWave band using CL-MP and SISO. Communication distance is 10 m.
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The purpose of the evaluations in this subsection is to
compare MIMO capacity for two different situations: (1)
when re-radiation is considered as noise versus (2) when it is
considered as a scattered signal. Fig. 8a compares the capacity
of 64x64 MIMO channel in the mmWave band when the reradiation is assumed as noise versus scattering. The transmit
power is constant over the entire band. As one can observe,
the capacity, when the re-radiation is considered as noise, is
almost flat over the entire mmWave band for both tropic and
winter atmospheres and just a very small decrease can be seen
in high absorption frequencies which is due to both molecular
attenuation and noise. In more details, the molecular noise is
dominated by thermal noise and it can be seen the capacity
is not frequency selective, which corroborates the common
understanding up to now.
In Fig. 8b, the received SNR is assumed to be a constant
value of 15 dB for the entire mmWave band to investigate
the effect of absorption intensity in an equal SNR condition.
It can be seen that, when the re-radiation is considered as a
scattered copy of the signal, results show a significant capacity
increase in particular frequencies. For example, the capacity
is improved by around 150 % at 60 GHz for both tropic and
winter atmospheres. Moreover, more water molecules exist in
the tropic atmosphere which leads to a considerable capacity
boost at 180 GHz in the tropic atmosphere in comparison with
those of the winter atmosphere. Note that the oxygen abortion
at 120 GHz is not strong enough to affect the channel.
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(d) distance = 50 m

Fig. 9: 64x64 MIMO channel performance over mmWave
band for different precoding techniques. The transmit power
is 150 mW.

Numerically speaking, we can calculate the capacity of a
SISO channel, which turns out to be 5 bps/Hz. According
to the existing MIMO theory, for a full-rank 64x64 MIMO
channel with enough spatial multiplexing gain, the theoretical
capacity will be expected to be 64 × 5 ' 320 bps/Hz.
As discussed before, the LoS MIMO channel suffers from
poor spatial multiplexing gain and can achieve the maximum
capacity only with some specific geometry configuration [52],
which is not feasible for mobile communications. Thus, it can
be seen that MIMO capacity, when re-radiation is assumed
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as noise, is close to that of a SISO channel. However, if the
molecular re-radiation is taken into account as scattering, it
can equivalently create a rich scattering environment, and in
turn, increase the spatial multiplexing gain.
In summary, the mmWave MIMO system can take advantage of the molecular re-radiation to generate more capacity
if the re-radiation can be exploited as NLoS signal, which
prevails the absorption attenuation.
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(a) absorption coefficient, temperature= 273 K, pressure= 1 atm.

E. Impact of MIMO Techniques in mmWave
In Fig. 9, we compare the beamforming and multiplexing
performance over the mmWave spectrum, when re-radiation is
considered as scattering. Four different schemes are involved:
optimal beamforming (BF), Closed-Loop multiplexing with
water-filling power allocation (CL-MP), and Open-Loop multiplexing with uniform power allocation (OL-MP).
It is observed that the Closed-Loop multiplexing technique
results in a notably higher capacity than beamforming at high
absorption frequency windows. This is because re-radiation
acts as scattering and increases the multiplexing gain.
Besides, we can see that the performance of Open-Loop
multiplexing is also affected by the absorption. Hence, we
can see that at 60 GHz and 180 GHz with a distance of 5 m,
OL-MP outperforms the beamforming scheme. However, this
upper hand is not observed for the larger distance when
uniform power allocation is not efficient because of the low
SNR. Furthermore, a slight dip can be observed at 180 GHz
in Fig. 9c, which shows that on the other hand, the molecular
absorption weakens the LoS signal.
In Fig. 10, we present the performance impact of transmission distance at 50 GHz and 60 GHz, i.e., the low absorption
spectrum vs. the high absorption spectrum. Eq. (25) shows
that the longer distance results in more scattering due to more
molecules in the channel, but a large path loss mitigates the
advantage of scattering. Therefore, at 60 GHz, it can be seen
that although OL-MP outperforms beamforming in a shortdistance channel, it loses its superiority when the distance
is large. It can be explained as a consequence of allocating
uniform power to all equivalent channels which mostly cannot
meet the SNR threshold at a larger distance. Also, it can be
observed that there is not such a quick decrease at 50 GHz
since there is not much advantage of absorption in this
frequency.

(b) Signal Attenuation in tropic atmosphere.

Fig. 11: Molecular absorption in terahertz band.

F. MIMO Performance in the terahertz band
In this section, we extend our investigation to the terahertz
band. The channel is simulated with different transmit power
and distances. In the terahertz band, due to very high propagation loss, the applications are limited to short-range communications. Our assumption on the transmit power is based
on current technology [9] and a previous work on terahertz
massive MIMO [53]. Moreover, several channel distances are
selected to cover various nominated terahertz applications. For
example, terahertz nano-sensors are supposed to communicate
in a very short distance in the order of 0.1-10 cm or less,
while terahertz communications are also nominated to provide
terabit per second ultra-high-speed video communication link
at around 1 m distance for home entrainment devices like
TV or virtual reality (VR) [54]. Terahertz application is also
extended to wireless personal or local networks where the
channel distance is up to a few meters. Since the application
of MIMO in nano-sensors communication is rare, we limit the
simulation to distances 1 and 10 m.
In the terahertz band, the dominant absorption source in
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Fig. 12: 225x225 MIMO channel performance over terahertz band for various precoding techniques.
the air is water molecules. We can see in Fig. 11a that all
absorption peaks in the tropic atmosphere are higher than the
winter atmosphere. The main difference is the mole ratio of
vapor molecules in the air. The channel attenuation including
molecular attenuation in (4) and FSPL attenuation in (3)
is illustrated in Fig. 11b. While the FSPL attenuation is
increasing linearly (in dB) over distance and frequency, the
molecular attenuation is also increasing with distance but it is
frequency selective.
Fig. 12a and 12b illustrate the capacity of the MIMO techniques with a 1 m distance. The transmit power is increased
from 1 mW in Fig. 12a to 10 mW in Fig. 12b. Similar to
mmWave when molecular re-radiation is considered as noise,
molecular attenuation and noise lead to a lower capacity in the
high absorption frequency windows for all precoding techniques. It follows the current understanding of the terahertz
channel and we can see regardless of the MIMO technique,
the capacity drops sharply in high absorption windows. On
the other hand, results change drastically when molecular reradiation is assumed to be scattering. In this case, the LoS
channel converts to a Rician or Rayleigh channel depending on
the channel absorption coefficient. As expected, multiplexing
results in a much better performance than beamforming since
it can employ spatial multiplexing. For example, it can be

observed in Fig. 12a that CL-MP outperforms the beamforming thanks to the tremendous multiplexing gain provided by
the rich scattering environment due to molecule re-radiation.
In more detail, a significant capacity improvement can be
observed at very high absorption frequencies such as 540560 GHz. Communication over such frequency windows is
considered infeasible for terahertz communications in existing
studies. While at 500 GHz the beamforming and multiplexing
capacity are 15 and 17 bps/Hz respectively, those are about
7 and 84 bps/Hz at 550 GHz. Thus, the absorption and reradiation transforms the LoS dominant channel to a Rayleigh
channel and reduces beamforming performance. The reason
can be found in Section IV, where we have discussed that reradiation decreases the K-factor and creates a rich scattering
channel.
However, it is also observed in Fig. 12a that the OL-MP
results in poor performance in comparison to CL-MP and
beamforming. The power allocation scheme downgrades to
uniform power allocation where an identity matrix is used for
precoding due to the lack of CSI at the transmitter. Thus,
the capacity is equal to that of the re-radiation-as-noise case
and drops to zero in high absorption windows. When the
P λ2

power is distributed uniformly, the equivalent SNR, ( mσi2 ),
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of most parallel channels is less than 0 dB. Practically, the
receiver cannot detect the transmitted symbol when the signal
is weaker than noise. These results are matched with the
existing literature that the open-loop multiplexing performance
drops dramatically in the low SNR [55].
Fig. 12b illustrates a high SNR scenario. It shows the CLMP and OL-MP result in a close capacity, significantly higher
than beamforming at very high absorption frequencies such as
550 GHz. This is because the uniform power allocation is close
to optimum in a very rich scattering channel [48]. In other
words, the water-filling scheme results in a uniform power
allocation.
In summary, considering the same implementation challenges of beamforming and CL-MP, OL-MP might still be a
preferable choice for frequency up to 1 THz. But when there
is not enough signal strength at the receiver, the transmitter
should have CSI to steer the beam toward the receiver.
Furthermore, the advantage of CL-MP in comparison with
beamforming is that the former can take advantage of both
beam shaping and multiplexing over parallel paths. However,
CSI overhead can be very large for massive MIMO. For
example, the channel transfer matrix has 50625 elements with
a 225x225 MIMO system where each element is a complex
value and required at least 16 bits of data. Nevertheless, the
channel coherent time in presence of molecular re-radiation
has not been investigated. The updating interval of CSI feedback should be significantly shorter than the channel coherent
time to avoid using outdated CSI [56]. Thus, having the nonexpired full CSI at the transmitter can decrease the effective
spectral efficiency of the reverse link [45].
VI. C ONCLUSION
In this paper, we have presented a new perspective on
molecular absorption and re-radiation over the mmWave and
terahertz band. We reviewed two alternative assumptions on
the effects of molecular re-radiation, noise versus scattering.
While re-radiation has been mostly considered as noise in the
literature, we have also considered the recent idea that the
re-radiation is correlated to the main signal and thus can be
modeled as scattering. Hence, we combined both theories and
characterized a multi-path channel which assumes the molecular re-radiation as scattering. Our simulation results showed
that the re-radiation can greatly improve MIMO performance
in the mmWave/terahertz spectrum when it is treated as scattering. We have shown that the frequency windows, which were
previously considered as very high attenuation sub-bands, are
actually more efficient in MIMO as they can take advantage of
molecular re-radiation. Our results have further confirmed that
multiplexing can be a viable alternative to beamforming even
in an LoS channel, which might fundamentally changes the
conclusion drawn from the traditional MIMO communications
theory.
VII. F UTURE W ORK
The theoretical discovery in our research can potentially
change our understanding of wireless communications over
the mmWave/terahertz band. Future work would focus on the

experimental measurements, which requires a set of welldesigned measurement scenarios to detect the re-radiation
and show its correlation with LoS signal. To investigate the
re-radiation, a high and a low absorption scenarios can be
experimented. This can be realized through manipulating the
density of channel molecules, e.g. oxygen at 60 GHz, or measuring in slightly different frequencies where the absorption is
significantly different, e.g. 57, 60 and 63 GHz. Furthermore,
the re-radiated signal characteristics should also be measured
and characterized. Finally, the performance of a MIMO system
should be measured with various precoding schemes.
The experimental future work, however, must overcome
several challenges: 1) the high-frequency equipment used in
the experiments may not be sensitive enough to detect the
re-radiated energy, 2) the detection of phase is difficult for
high-frequency signals, especially when other factors such as
wall and roof reflection also affect the signal propagation, and
3) it may be difficult to control the oxygen and vapor of
the communication medium, especially considering the very
limited absorption changes over environment parameters.
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