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Intelligent Surface Optimization in Terahertz under
Two Manifestations of Molecular Re-radiation

Anish Pradhan, J. Kartheek Devineni, Harpreet S. Dhillon and Andreas F. Molisch

Abstract—The operation of Terahertz (THz) communication
can be significantly impacted by the interaction between the
transmitted wave and the molecules in the atmosphere. In
particular, it has been observed experimentally that the signal
undergoes not only molecular absorption, but also molecular re-
radiation. Two extreme modeling assumptions are prevalent in
the literature, where the re-radiated energy is modeled in the
first as additive Gaussian noise and in the second as a scattered
component strongly correlated to the actual signal. Since the
exact characterization is still an open problem, we provide in
this paper the first comparative study of the performance of
a reconfigurable intelligent surface (RIS) assisted THz system
under these two extreme models of re-radiation. In particular,
we employ an RIS to overcome the large pathloss by creating a
virtual line-of-sight (LOS) path. We then develop an optimization
framework for this setup and utilize the block-coordinate descent
(BCD) method to iteratively optimize both RIS configuration
vector and receive beamforming weight resulting in significant
throughput gains for the user of interest compared to random
RIS configurations. Our results reveal that a slightly better
throughput is achieved under the scattering assumption for the
molecular re-radiation than the noise assumption.

Index Terms—Reconfigurable Intelligent Surface, Terahertz,
Optimization.

I. INTRODUCTION

The high data rate requirement of beyond-5G (B5G) and
6G networks has inspired the wireless community to consider
the terahertz (THz) frequency range (especially, 0.1-10 THz),
where the availability of enormous bandwidth can support the
new emerging applications, such as augmented/virtual reality
(AR/VR) [1], [2]. However, communication in THz channels
comes with the following set of challenges which restrict the
effective utilization of the available bandwidth: a) high free
space path-loss, b) high molecular absorption, and c) low effi-
ciency of diffraction processes, and thus deep shadow fading.
One of the possible solutions to overcome these challenges is
to use reconfigurable intelligent surfaces (RISs). In particular,
these low-cost meta-surfaces can be opportunistically deployed
to create virtual line-of-sight (LOS) links where the direct LOS
links are blocked. However, integrating RIS with THz comes
with its own sets of challenges namely: 1) capturing the effect
of molecular re-radiation accurately, and 2) joint optimization
of RIS and beamforming weights of end nodes for the THz
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setup. Since the implications of the first challenge are much
less understood, which is also the main motivation behind this
work, we first discuss it in detail below.

The process of atomic and molecular absorption and re-
radiation has been investigated for many decades in the physics
literature under the name of radiation trapping [3]. The
atoms or molecules are excited to a higher quantum state
by absorption of radiation matching the resonance frequency,
and then re-radiate energy at the same (or similar) frequency
when decaying to the ground state. Several frequency bands at
which absorption/reemission occurs exist in the THz spectrum,
associated with different atmospheric molecules [4]. This re-
radiation is generally modeled as additive noise in the existing
THz literature by linking it with sky-noise [5]. To the best
of our knowledge, this assumption has not been properly
validated by any measurement studies. In addition, there is
a second school of thought, which models this phenomenon
as scattering, where the existence of multiple scattered copies
of the signal due to re-radiation has some basis in the literature
[6], [7]. Following that, [8] recently modeled the THz channel
as a Rician channel, where the Rician factor is calculated
from the molecular absorption coefficient. Please note that
this scattering could also lead to delay dispersion [4], but that
is beyond the scope of this paper. Both manifestations have
been used in the literature, and it is not straightforward to
determine the extent to which each effect is prevalent. To be
precise, the true effect will probably lie in between as perhaps
a superposition of these two extreme cases. In the absence of
extensive measurements, there is no way to characterize this
true effect. Given this, the best one can do is to investigate
the two extreme scenarios, and characterize their impact on
the performance of RIS.

Although the relevant literature on RIS [9]–[11] in the con-
ventional microwave spectrum deal with the joint optimization
of RIS configuration vector and beamforming weights, they
are not exactly applicable in this case due to the peculiar
characteristics of the THz channels. On the other hand, the
RIS literature that considers the THz band, such as [12]–[14],
either ignore the different manifestations of the molecular re-
radiation, or the dependence of the receiver noise on this re-
radiation and the phase-shift configuration of RIS. We fill
this gap by considering a parametric model for the THz
channel that handles the two extreme effects of re-radiation,
and formulate a joint RIS-receive beamformer optimization
framework for the proposed channel model. To the best of
our knowledge, this is the first paper that compares a jointly
optimized multi-antenna system in a THz environment with
two extreme assumptions about molecular re-radiation.
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A. Contributions

Assuming an ad-hoc setup in the THz band, we study
the performance of a single-antenna transmitter (Tx) asso-
ciated with an RIS-assisted multi-antenna receiver (Rx) in
the presence of other single-antenna interferers. Our main
contributions in this work can be summarized as: 1) a novel
parametric THz channel that takes into consideration the two
extreme manifestations of the re-radiation in the THz band,
2) the characterization of the dependence of molecular re-
radiation noise on the RIS configuration, 3) the joint optimiza-
tion of RIS, and receive beam-forming vector to maximize
throughput using the BCD algorithm, and 4) comparing the
performance of the optimized system under the two modeling
assumptions regarding the nature of molecular re-radiation.
Comparing their performance with optimized RIS and receiver
beamformer will inform us about when we should care about
the exact nature of the re-radiation. As expected, our results
reveal that when the re-radiation is assumed as scattering, the
throughput of the corresponding optimized system is slightly
higher compared to when it is assumed as noise.

II. SYSTEM MODEL

We consider an ad-hoc network setup with multiple Tx-Rx
pairs communicating simultaneously in the same frequency
band. The Tx of interest (Tx0) is assumed to be a single-
antenna device, while the Rx of interest (Rx0) is considered
to have multiple antennas and is assisted by a reconfigurable
passive surface. The multi-antenna Rx0 has NR receive anten-
nas, while the RIS has N elements. Additionally, there are NI
co-channel single-antenna users that interfere with Tx0. The
number of elements N at RIS is assumed to be much larger
than NR and NI . It is assumed that each of the communicating
devices can have two paths to Rx0, one link coming directly
from the Tx, and another link reflected from the RIS. The
described system model is illustrated in Fig. 1. Note that the
NI interfering users are communicating with their own Rxs,
which do not affect our analysis and are therefore not included
in Fig. 1. Both RIS and Rx0 are assumed to have uniform
linear arrays (ULAs) with half wavelength spacing. The array
factor of a general ULA is defined as follows:

aN0(θ) =
[
1 ej2π

d
λ sin θ . . . ej2π

d
λ (N0−1) sin θ

]
, (1)

where d
λ is the wavelength spacing, N0 is the number of

elements of that ULA, and θ is the angle of arrival or departure
depending on the context.

A. Terahertz Channel Model

Due to the molecular absorption phenomenon in the THz
band, a fraction of the propagated signal gets absorbed. The
fractions of the signal power for the component available to
the receiver node and the component absorbed are respectively
given by τ(f, d) and 1 − τ(f, d), where τ(f, d) = e−k(f)d

is the transmittance of the channel, k(f) is the molecular
absorption coefficient, f is the operating frequency, and d
is the link distance. The absorption coefficient is calculated
using the equation k(f) =

∑
i yi(f, µ) + g(f, µ) [15], where

Tx of interest
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Interferer NI
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hSR
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Fig. 1: System model for the RIS-assisted communication in THz.

µ is the mixing ratio of the water vapor present, yi is the
absorption coefficient for the i-th absorption line, and g is
an error-correcting polynomial. Details on these functions can
be readily found in [15] and are hence skipped here due to
space limitations. Recall from Section I that the absorbed
power is radiated back in the same band, and two extreme
modeling assumptions are prevalent about the manifestation of
this molecular re-radiation. This re-radiation happens almost
isotropically and the energy is distributed in all the directions
for the THz band (unlike the forward scattering we see in
visible light due to small particles) [16]. In the literature,
however, it is commonly assumed that the whole absorbed
power is available at the Rx node through re-radiation [5], [8].
Even though this is never explicitly mentioned, this follows
from the assumptions that a single absorption/re-radiation
event happens over the whole propagation path, and that all
of the re-radiated power is scattered in the direction of the
Rx node. We use these assumptions in this work as well.
For a systematic exposition, we now mention the assumptions
related to the two extremes of molecular re-radiation next.

Assumption 1. Molecular re-radiation is modeled as additive
Gaussian noise.

Assumption 2. Molecular re-radiation is modeled as a scat-
tering event where the channel response includes an NLOS
component.

In both of these assumptions, the fraction of power of the
additive noise and the NLOS component is equal to 1−τ(f, d)
that of the total signal power. Due to the nature of their
modeling, the two assumptions lie on the two ends of the
spectrum with the reality lying somewhere in between. For
Assumption 2, the Rician factor Kd, for link distance d, is

Kd =
Power of the LOS channel

Power of the NLOS channel
=

τ(f, d)

1− τ(f, d)
. (2)

For analytical convenience, we unify both Assumptions 1
and 2 about the re-radiation phenomenon by incorporating a
variable ζ in the conventional Rician channel model [8]. We
note that, in the first case, the unified model should consist of
just the LOS component as the re-radiation signal manifests as
Gaussian noise, whereas in the second case, the channel model
should consist of both the LOS and NLOS components due to
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the manifestation of re-radiation as scattering. This is captured
in the model by configuring ζ = 1 and ζ = 0 for Assumption
1 and 2, respectively. Further details on the modified Rician
channel with the ζ parameter are provided next.

We denote the channel responses between X and Y by this
unified formulation below:

hXY =

(√
Kd̄

Kd̄ + 1
FLOS +

√
1− ζ
Kd̄ + 1

h̃XY

)
c

4πfd̄
, (3)

where X = S or R denotes RIS or the Rx, Y = R or Ti
denotes the Rx or the i-th Tx, d̄ is the link distance between
X and Y, h̃XY is the NLOS counterpart and is a complex
matrix of the same dimension as hXY, where each element
is an independent and identically distributed (i.i.d.) complex
normal random variable with zero mean and unit variance,
and f is the operating frequency. Note that, when ζ = 1, the
NLOS component vanishes and Kd̄

Kd̄+1 = τ(f, d) corresponds
to the transmittance as expected. The different channel links
in the system are defined through the next table:

XY RTi STi SR

d̄ di dγi dα

FLOS aHNR(θR,i) aHN (θS,i) aHNR(θα)aN (θβ)

For notational ease, we define the following stacked chan-
nels:

Hi = [hSRDiaghSTihRTi ] ∀i ∈ [0, NI ]. (4)

B. Signal Model
Assuming that the i-th Tx transmits a signal xi with power

E[|xi|2] = Pi, the received signal at Rx0 can be given as:

y =(hRT0
+ hSRDiaghST0

ΘT )x0+
NI∑
i=1

(hRTi + hSRDiaghSTiΘ
T )xi + w, (5)

where Θ = [ϕ1 . . . ϕN ] is the RIS configuration vector, ϕn ∈
C is the n-th RIS element’s reflection coefficient for all n ∈
{1, . . . , N} with |ϕn| ≤ 1, and w is the additive noise signal
with variance σ2

w+ζσ2
m. The variance parameters σ2

w and ζσ2
m

correspond to the thermal noise and molecular re-radiation
noise, respectively. Under Assumption 1, the molecular re-

radiation noise variance is σ2
m =

NI∑
i=0

σ2
m,i, where σ2

m,i is the

sum of the individual molecular re-radiation noise due to Txi.
Note that when ζ = 0, the noise variance of the molecular re-
radiation vanishes and manifests in fading since it corresponds
to Assumption 2.

Defining Θ0 = [Θ 1]T , and using the stacked channel
definition from (4), we can rewrite the received signal as:

y = H0Θ0x0 +

NI∑
i=1

HiΘ0xi + w. (6)

Multiplying the received signal with the receive beamformer
u, the corresponding signal to noise ratio (SINR) γ is:

γ(u,Θ0) =
P0|uHH0Θ0|2

NI∑
i=1

Pi|uHHiΘ0|2 + uHu(σ2
w + ζσ2

m)

, (7)

Lemma 1. The variance of the molecular re-radiation
signal component modeled as additive Gaussian noise is
given by ζσ2

m,i for the Txi, where σ2
m,i = σ2

m1,i
+

σ2
m2,i

ΘH
0 Θ0, σ2

m1,i
=
(

c
4πfdi

)2

Pi[1 − τ(f, di)], σ2
m2,i

=(
c2

16(πf)2
1

dαdγi

)2

Pi[1− τ(f, dα)τ(f, dγi)], Pi is the transmit
power, dα is the distance between Rx0 and RIS, and dγi is
the distance between RIS and Txi.

Proof: See Appendix A.

From the Lemma 1, we define σ2
m1

=
NI∑
i=0

σ2
m1,i

, and σ2
m2

=

NI∑
i=0

σ2
m2,i

for notational convenience.

III. JOINT OPTIMIZATION OF RECEIVE BEAMFORMER AND
RIS CONFIGURATION VECTOR

In this section, the joint optimization of the receive beam-
forming weight and the RIS configuration vector is studied.
We assume that the perfect channel state information (CSI)
is available at the receiver. As the maximization of (7) is
a non-convex optimization problem over the two coupled
variables, we use the BCD algorithm to solve the joint
optimization problem by splitting it into two sub-problems,
one for each variable, and solving each of the sub-problem
in alternating steps which results in an efficient solution.
The first sub-problem can be conveniently formulated as a
maximization of the generalized Rayleigh quotient, and thus
has a straightforward analytical solution. The second sub-
problem is approximately solved by formulating it as a rank-
relaxed semidefinite programming (SDP) problem. Using the
bisection method, we first find a higher rank solution to the
SDP problem, and then obtain a rank-one solution through
the Gaussian randomization procedure for the original sub-
problem. Finally, we prove the convergence of the proposed
algorithm.

A. Problem Formulation

The main objective in our problem is to maximize the
achievable throughput of Tx0, while making sure that the
RIS is passive i.e., |ϕn| < 1,∀n. The transmit power P0 is
not considered as an optimization variable since the optimal
transmit power that will maximize the objective is simply the
maximum allowable power, because of which it is simply set
to the maximum allowable value. The optimization problem
for the throughput maximization can be formulated as:

max
u,Θ0

log(1 + γ (u,Θ0)) (8a)

s.t. |[Θ0]l| ≤ 1,∀ l ∈ 1, 2, . . . , N + 1. (8b)

Note that the objective is equivalent to maximizing γ (u,Θ0)
due to the monotonically increasing nature of the logarithm.
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B. Receive Beamformer Optimization

In the first sub-problem, the SINR maximization condi-
tioned on a given Θ0 can be reformulated as an unconstrained
maximization of a generalized Rayleigh quotient:

max
u

P0

σ2
w+ζσ2

m
uHG0G

H
0 u

uH(
NI∑
i=1

Pi
σ2
w+ζσ2

m)GiGH
i + INR)u

, (9)

where Gi = HiΘ0. The analytical expression of the optimal
receive beamforming weight is given by:

u∗ =

(
NI∑
i=1

Pi
σ2
w+ζσ2

m
GiG

H
i + INR)−1G0∥∥∥∥(

NI∑
i=1

Pi
σ2
w+ζσ2

m
GiGH

i + INR)−1G0

∥∥∥∥ , (10)

where the expression is normalized to ensure uHu = 1.

C. RIS Optimization

In the second sub-problem, the optimization problem is
reformulated with a new optimization variable Ψ = Θ0Θ

H
0 .

Redefining Ψ helps us to structure the optimization problem in
a more tractable form but it introduces two more constraints.
The first constraint is that Ψ has to be a positive semidefinite
matrix, which is a convex constraint. However, the second
constraint is the rank one constraint on Ψ, which is relaxed
in the problem formulated below. Conditioned on a given u,
the rank-relaxation problem can be formulated as follows:

max
Ψ

Tr(ΨL0)

Tr(ΨM) + α

s.t. Ψ � 0,

[Ψ]l,l ≤ 1, ∀l = 1, 2, . . . , N + 1, (11)

where Li = Pi
σ2
w

FiF
H
i , Fi = HH

i u, M =
NI∑
i=1

Li+ζ
σ2
m2

σ2
w

IN+1,

and α = 1 +
ζσ2
m1

σ2
w

.
We further change the optimization problem by introducing

a new variable t ≥ 0 to change (11) to an epigraph [17]:

γ∗ = max
Ψ,t≥0

t

s.t. Tr(ΨL0) ≥ tTr(ΨM) + tα,

Ψ � 0,

[Ψ]l,l ≤ 1,∀l = 1, 2, . . . , N + 1, (12)

With t ≥ 0, the feasibility problem is given by:

Find Ψ

s.t. Tr(ΨL0) ≥ tTr(ΨM) + tα,

Ψ � 0,

[Ψ]l,l ≤ 1,∀l = 1, 2, . . . , N + 1. (13)

The feasibility of the above problem implies that γ∗ ≥ t.
The infeasibility implies γ∗ < t. From this observation, one
can easily solve this using a bisection method. The feasibility
problem itself is solved by using CVX [18], [19]. Then, we
find a feasible rank-one solution Θ∗

0 from the optimal Ψ∗

Algorithm 1: Joint Optimization by BCD
Input: Hi, ζ ∀i
Output: Θ∗

0,u
∗

Initialize Θ0 with an all-one vector, i = 0, γ0 = 0, and
∆ = ε+ 1.
while ∆ > ε do

Obtain ui+1 from (10).
Obtain Ψi+1 by using bisection on (13).
Generate G feasible solutions for Θ0i+1

through
Gaussian randomization [17].
Choose the solution Θ0i+1 that provides the
highest γi+1 through (7).
if γi+1 > γi then

Θ∗
0i+1

= Θ0i+1 .
else

Θ∗
0i+1

= Θ0i .
end
Evaluate ∆ = |γi+1 − γi|/γi.
i = i+ 1.

end

using Gaussian randomization [17]. We substitute the last
element of Θ∗

0 by unity to ensure its feasibility.
The algorithm ensures that the objective function is non-

decreasing each iteration and because it is upper bounded by
some value, the alternating algorithm will converge.

IV. NUMERICAL RESULTS

In this section, we numerically evaluate the performance of
our proposed optimization algorithm. The simulation scenario
is inspired by a practical indoor VR gaming setup. Three
interferers are placed on a circular ring of radius 6m at 5o,
75o and 135o while the Rx0 is placed at the center (origin)
and is equipped with 100 antennas. The RIS is situated at
a distance of 1m along the positive x-axis and assumed to
contain 250 elements. The Tx0 is placed at a distance of 1m
away from the origin at an angle of 60◦ with the positive
x-axis and assumed to transmit at 2 watt power over the
large bandwidth (which is a reasonable assumption, e.g., see
[20]). All the interferers are also transmitting at the same
power. The system parameters, unless otherwise stated, for the
simulation setup are as follows: temperature of 27◦C, standard
atmospheric pressure of 1 atm, and relative humidity of 50%,
the transmission carrier frequency of 220 GHz, and bandwidth
of 10 GHz. These parameters also dictate the value of k(f). In
addition, the thermal noise variance is considered to be −174
dBm/Hz. For the BCD algorithm, the parameters ε, ε0, ε1, and
G are set to 10−5, 1010, 10−5, and 5000, respectively.

First, we vary the number of RIS elements and numerically
evaluate the achievable throughput. The notations ‘WD’ and
‘D’ denote the two cases depending on the availability of
the direct link, and termed as without direct link and with
direct link, respectively. Similarly, the abbreviations ‘SC’ and
‘N’ denote Assumptions 1 and 2, respectively. Additionally,
the results for both random and optimized configurations of
the RIS are shown in the numerical plots. As we can see
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(a)

(b)

Fig. 2: (a) Achievable throughput with RIS elements, (b) Achievable
throughput with Rx antennas without the direct link.

from Fig. 2a, when the direct link is available, the RIS
does not significantly enhance the performance even with 250
elements. In the same Fig. 2a, we show a zoomed-in version
focusing on plots for the case without the direct link, which
illustrates a significant throughput gain that is achieved with
the optimal RIS configuration. This use-case corresponds to
indoor communications, and its importance is emphasized by
the fact that LOS can be lost due to blockage from the user’s
own body (self-blockage) or from other user’s body (dynamic
blockage). Here, the optimal configuration of RIS provides
a gain of almost 25 Gbps in throughput over the random
configuration that underscores the impact of RIS. Another
important observation from Fig. 2a is that a slightly lower
throughput gain is achieved with the optimization process
under Assumption 1. Intuitively, this can be explained by
the larger noise variance and loss in signal power. The small
gap between these assumptions imply that the results for this
particular setup are not sensitive to a specific assumption.
As the molecular re-radiation depends on the transmit power,

(a)

(b)

Fig. 3: Achievable throughput without the direct link with (a) RIS
position, (b) frequency.

the gap may become more prominent with the increase of
transmit power. Similar trend is observed in Fig. 2b where
we look at the impact of increase in the number of receive
antennas on the throughput gains. Note that the absolute values
of the achievable throughput might change with the location
of the interferers, but the trends observed in this section will
remain similar. Next, Fig. 3a demonstrates the effect of the RIS
position on the throughput. In this simulation, Tx0 position
is (2, 0) and the RIS position is (dα, 0). As we can see, it
performs better when it is either close to the Rx0 or the
Tx0. Finally, Fig. 3b shows that if Assumption 2 holds, some
throughput enhancement can be achieved with RIS optimiza-
tion when the carrier frequency is selected from the bands with
absorption peaks. Higher absorption coefficients imply more
Rayleigh-like channels as the Rician factor decreases. The
receive beamformer and RIS can utilize this randomness to
extract better performance. Both Fig. 3a and 3b are generated
with 50 RIS elements.
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V. CONCLUSIONS

In this paper, we investigated the sensitivity of an RIS-
assisted uplink network with respect to both the manifestations
of molecular re-radiation in a THz channel. For this setup,
the main challenge lies in the joint optimization of the RIS
configuration vector and receive beamforming weight under
both the manifestations of the re-radiation in the THz channel.
To handle that, we developed a parametric THz channel model
and proposed an alternating optimization method based on the
BCD algorithm. The proposed algorithm breaks the original
problem into two smaller sub-problems, and solves them itera-
tively to converge to an efficient solution. In addition, we also
analyzed the convergence of the proposed algorithm. Finally,
we numerically compare the performance of this algorithm
with a random RIS configuration for different assumptions
about the nature of the molecular re-radiation and the existence
of a direct link path. To the best of our knowledge, this is the
first work that investigates the gap in performance of an RIS-
assisted network with optimized configuration, arising from
the different assumptions about the molecular re-radiation.
Further extensions of the work including the deployment of
an RIS with active elements and the presence of errors in CSI
estimation are left as future work.

APPENDIX

A. Proof of Lemma 1

From (5), the signal power for the Txi along the direct path

is Pi

(
c

4πfdi

)2

and subsequently the molecular absorption
noise variance due to the direct path would be σ2

m1,i
=(

c
4πfdi

)2

Pi[1− τ(f, di)].
If the distances between Txi to RIS, and RIS to Rx0 are

dγi and dα respectively, we inspect the signal x of power Pi
through the m-th element of RIS with reflection coefficient
(αme

jθm) without including path-loss terms for simplicity.
The incident signal on the RIS is x

√
τ(f, dγi) + n1 where

n1 ∼ CN (0, Pi(1 − τ(f, dγi))) is the additive molecular
absorption noise. Ultimately, the reflected signal from RIS is

y =(x
√
τ(f, dγi) + n1)αme

jθm
√
τ(f, dα) + n2.

As the reflected power from the RIS element is |αm|2Pi, n2 ∼
CN (0, |αm|2Pi(1−τ(f, dα))) is the additive noise for the RIS
to Rx0 path. So, the noise variance due to both the paths is

E[|n1αme
jθm
√
τ(f, dα) + n2|2]

= |αm|2τ(f, dα)Pi(1− τ(f, dγi)) + |αm|2Pi(1− τ(f, dα))

= Pi|αm|2[1− τ(f, dα)τ(f, dγi)].

Extending this result to an N -element RIS, if the RIS-Rx0

and Txi-RIS channels are ah1 , and ah2 with their entries as
array factors ah1,m and ah2,m with ULA assumption for RIS,
the received signal for SISO is

y=x
√
τ(f, dγi)τ(f, dα)

N∑
m=1

(
αme

j(θm+ah1,m
+ah2,m

)
)
+
N∑
m=1

nm,

where nm ∼ CN (0, Pi|αm|2[1 − τ(f, dα)τ(f, dγi)]), and∑N
m=1 nm ∼ CN (0, Pi[1 − τ(f, dα)τ(f, dγi)]

∑N
m=1 |αm|2).

By including path-loss terms, and writing
∑N
m=1 |αm|2 in

matrix form, the molecular noise variance for the reflected
signal through RIS can be written as σ2

m2,i
ΘH

0 Θ0 where

σ2
m2,i

=
(

c2

16(πf)2
1

dαdγi

)2

Pi[1 − τ(f, dα)τ(f, dγi)]. The
molecular absorption noise variance is then ζσ2

m,i, where
σ2
m,i = σ2

m1,i
+ σ2

m2,i
ΘH

0 Θ0 as this noise will only exist
for Assumption 1 or ζ = 1.
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