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Abstract— The fifth generation wireless systems are expected
to rely on a large number of small cells to massively offload
traffic from the cellular and even from the wireless local area
networks. To enable this functionality, mm-wave (EHF) and
Terahertz (THF) bands are being actively explored. These bands
are characterized by unique propagation properties compared
with microwave systems. As a result, the interference structure
in these systems could be principally different to what we
observed so far at lower frequencies. In this paper, using the
tools of stochastic geometry, we study the systems operating
in the EHF/THF bands by explicitly capturing three phenom-
ena inherent for these frequencies: 1) high directivity of the
transmit and receive antennas; 2) molecular absorption; and
3) blocking of high-frequency radiation. We also define and
compare two different antenna radiation pattern models. The
metrics of interest are the mean interference and the signal-to-
interference-plus-noise (SINR) ratio at the receiver. Our results
reveal that: 1) for the same total emitted energy by a Poisson
field of interferers, both the interference and SINR significantly
increase when simultaneously both transmit and receive antennas
are directive and 2) blocking has a profound impact on the
interference and SINR creating much more favorable conditions
for communications compared with no blocking case.

Index Terms— Interference, millimeter waves, terahertz band,
directional antennas, blocking, 5G systems.

I. INTRODUCTION

TO KEEP up with constantly increasing traffic demands
and quality of service requirements [2], industry is

preparing for a 1000x increase in mobile data [3]. Despite the
significant steps forward, current 4G cellular technologies will
soon be insufficient to satisfy the constantly growing device
base and customer traffic demands.
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Among the possible solutions, future generation of wireless
systems are expected to rely on high-capacity small cells to
offload heavy traffic from the cellular and even local area
networks. To enable this, millimeter wave systems operating in
the EHF band (30–300GHz) have been heavily investigated in
the recent years [4]. Furthermore, several groups are already
exploring the use of even higher frequency windows avail-
able in the Terahertz band (THF, 0.3–3THz), e.g., 300GHz,
640GHz, or even the entire THz window [5]–[10].

There are a number of critical factors that affect the propaga-
tion of waves in the EHF and THF bands, which will shape the
interference in 5G systems. First of all, electromagnetic (EM)
waves at these frequencies are affected by inherently very high
pathloss [11] as the much smaller size of EHF/THF antennas
results in a large spreading loss. Molecular absorption further
hampers the signal propagation. This phenomenon reflects the
process by which a part of the EM energy of the propagating
signal is converted into kinetic energy in internally vibrating
molecules. In the EHF band, oxygen, which is abundant in
the atmosphere, affects the path loss [12]. For the THF band,
water vapor serves the role of primary absorbent [13], [14].
Irrespective of the type of absorbent, the result is a more
complex expression for the received power at a distance from
the transmitter, which now includes not only the power law
function but an exponent as well.

Given the transmission power constraints, highly direc-
tional antennas are needed at the transmitter (Tx) and/or
receiver (Rx) to overcome the severe propagation losses.
The belief is that high directivity of Tx/Rx antennas will
eventually lead to a noise-limited regime of communications
systems [15]. However, razor-sharp-beam interference-free
communications are not on the immediate horizon. The rea-
sons range from the complexity of high directivity beam-
forming antennas to the synchronization challenges that they
introduce. In addition, it has been experimentally shown that
interference may still play a substantial role in specific envi-
ronments [4]. The increasing network densification [16], the
use of advanced networking mechanisms such as pico/femto
cells [17], client-relays [18], and direct device-to-device com-
munications [19] may still cause interference even when
directional antennas are used.

Another effect to take into account is line-of-sight (LoS)
blockage. This phenomenon has been addressed in a number
of papers in the context of microwave communication sys-

1536-1276 © 2017 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

Authorized licensed use limited to: Northeastern University. Downloaded on January 23,2023 at 02:48:15 UTC from IEEE Xplore.  Restrictions apply. 



1792 IEEE TRANSACTIONS ON WIRELESS COMMUNICATIONS, VOL. 16, NO. 3, MARCH 2017

tems [20], [21], where buildings block the path between Tx
and Rx. Millimeter-wave and THz systems are expected to
operate over much shorter distances than microwave cellular
systems and, thus, buildings are not expectedly a major
problem in outdoor deployments [12]. However, at these
frequencies, users themselves may block the LoS path between
Tx and Rx, as almost any object whose volume is larger than
several wavelengths (millimeters in in the bands of interest) is
effectively an obstacle. Recent measurements and simulations
report that up to 60∼80% of energy available at the Rx comes
from the LoS component and dictates the channel quality
[12], [22]–[24]. Therefore, the process of LoS possible block-
age by users has also to be taken into account in performance
modeling of EHF and THF communications systems.

Despite the many existing works in the broad field of multi-
user interference modeling, which we summarize in Sec. II,
to the best of our knowledge, there is no study that simul-
taneously captures all these effects. In this paper, using the
tools of stochastic geometry, we develop an analytical model
of interference and SINR for systems operating in the EHF
and THF bands that explicitly captures the following three
effects inherent for these frequencies: (i) directivity of the Tx
and Rx antennas, (ii) additional path loss component caused
by molecular absorption, and (iii) blocking of high frequency
radiation. Two radiation pattern models of directional antennas
are considered, namely, the cone model representing an ideal
directional antenna, and the cone-plus-sphere model capturing
specifics of a non-ideal directional antenna with side lobes.
The metrics of interest are the mean interference and the SINR
at the receiver.

Using the developed model, we numerically investigate
the multi-user interference in different scenarios. Our results
show that the mean interference increases when the Tx or
the Rx or both are equipped with directional antennas. How-
ever, the associated increase in the useful signal strength
effectively compensates this effect and the SINR drastically
improves showing that EHF/THF communication systems can
indeed be designed to be noise-limited in the most cases.
The effect of blocking further improves the performance in
terms of SINR while the molecular absorption substantially
degrades it.

The rest of the paper is organized as follows. In Sec. II,
we provide a brief account of previous studies on interference
estimation for directional antennas and blocking. In Sec. III,
we review the propagation characteristics of EHF and THF
bands and introduce the antenna and network models for our
study. The mathematical models of interference and mean
value of SINR are derived in Sec. IV and Sec. V, respectively.
Numerical results are reported and discussed in Sec. VI. The
conclusions are drawn in Sec. VII.

II. RELATED WORK

Many stochastic models of interference have been developed
to date. An extensive review of the existing models can
be found in [25]–[27]. Typically, these models assume a
random isotropic and homogenous deployments in �2, such as
Poisson Point Process [20], [28] or, rarely, Mattern hardcore
process [29]. In most studies, the antenna radiation pattern is

assumed to be omnidirectional and the path loss is a power
law function of the distance [30], even the exponent value may
be different for different communication ranges [31].

The models reported in the literature do not simultaneously
capture all the effects of the EHF/THF bands. Recently, the
studies addressing interference modeling in presence of direc-
tional antennas [32], [33] and signal blockage by human bod-
ies [34], [35] in EHF band started to appear. The propagation
model used in [32]–[35] neglects the exponential attenuation
term caused by molecular absorption loss, while the model
in [35] also assumes interferers located on the fixed positions,
which is not realistic for dynamic environments. The interfer-
ence and SIR analysis in presence of the absorption losses
has been provided in [36]. However, the presented model
neglects the effects of blocking. The study in [37] relies on a
simple model of absorption presuming a constant attenuation
coefficient and also neglects the effect of blocking. In addition,
several simulation-based studies estimating the interference in
mm-wave systems have been recently presented [38], [39].
However, their applicability to the wide range of frequencies,
nodes densities, and antenna radiation patterns, is limited.

In [40], a stochastic interference model for pulse-based
THz communications was developed by taking into account
the impact of molecular absorption. The work has targeted
nanoscale communication networks and, thus, the impact of
directivity or blockage was not captured. In [41], a model for
continuous-wave THz communications was developed to com-
pute also the SINR under similar assumptions. In both cases,
the results show that for an omnidirectional antenna pattern
the interference has similar structure to what is observed at
lower frequencies. At the same time, specifics of THz waves
propagation, namely, molecular absorption (see Section III-A)
has a notable quantitive effect on the mean interference level
and SINR values. Therefore, the effect of molecular absorption
should not be avoided in interference modeling for more
sophisticated scenarios.

The impact of multi-user interference at the link layer
has been addressed in several recent studies. In [42], the
authors study the collision probability in mm-wave networks.
The analysis takes into account the antenna directivity and
molecular absorption, but does not incorporate blockage and is
performed exclusively for the selected channel access method.
In [43], the authors develop a collision-aware scheduling
scheme for mm-waves, ignoring the blockage and molecular
absorption effects. There have been many other directional
MAC protocols, including [44], [45] and our recent work
in [46], but none of these works either estimate the interference
level in a random deployment or incorporate other important
propagation effects.

III. PROPAGATION, ANTENNA RADIATION PATTERN,
AND NETWORK MODELS

In this section, we introduce the system model. Our notation
is summarized in Table I.

A. Propagation in EHF/THF Bands
The distinguishing feature of the EHF/THF channels is

the presence of molecular absorption [13], [47], albeit much
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TABLE I

NOTATION USED IN THE PAPER

stronger in the THF band. In the former, especially, in the
unlicensed 60GHz band, absorption is dominated by O2
molecules; in the latter, absorption is mainly caused by H2O
vapor [14]. These losses make the wireless channel highly
frequency selective. The received power spectral density (psd)
in the EHF/THF band can written as

SRx( f, r) = ST x ( f )GT x ( f )G Rx ( f )

L A( f, r)L P ( f, r)
, (1)

where f is the operating frequency, r is the separation distance
between the transmitter and the receiver, ST x( f ) stands for
the transmitted signal psd, L A( f, r) represents the absorption
loss, L P ( f, r) is the spreading loss, and GT x ( f ) and G Rx ( f )

refer to the antenna gains in transmission and reception,
respectively, which we consider to be constant within the
specific transmission window (and, thus, we remove their
dependence on f from now on).

Following [13], the absorption loss is defined as

L A( f, r) = 1

τ ( f, r)
, (2)

where τ ( f, r) is the transmittance of the medium following
the Beer-Lambert law, τ ( f, r) ≈ e−K ( f )r , K ( f ) is the
overall absorption coefficient of the medium available from
the HITRAN database [14]. The propagation loss is obtained
under the assumption of spherical propagation in free space,
i.e., L P ( f, r) = (4πr f/c)2, where c refers to the speed of the
EM wave.

In addition to the path loss, we have to specify the noise in
THz band. First, the EM radiation absorbed by the molecules
in the medium is re-radiated out-of-phase at approximately
the same frequencies it has been absorbed. This is known
as the medium emissivity [48] and, from the communication
perspective, it is considered as a noise source [13]. Following
[13], [49], the molecular absorption noise psd is

SM ( f, r) = ST x ( f )GT x G Rx

L P ( f, r)
[1 − τ ( f, r)]. (3)

As of now, there is still no definite conclusion whether this
noise is high enough to affect the reception (we refer the
readers to [50] for detailed discussion on molecular noise).
However, as we will see in what follows, the presence/absence
of this noise affects SINR analysis. In this paper we address
both cases.

The second contributor to the noise is the Johnson-Nyquist
noise generated by thermal agitation of electrons in con-
ductors. The form of this noise changes when entering the
EHF/THF frequencies. Its power stays flat up until 0.1THz at
PJ N = kB T = −174dBm/Hz, where kB is the Boltzmann
constant and T is the temperature in Kelvin, and then it
declines non-linearly up until approximately 6THz [51]. Thus,
the Johnson-Nyquist noise is a function of the operating
frequency and we approximate its psd using [51]

SJ N ( f ) = h f

exp(h f/kB T )− 1
, (4)

where h is Planck’s constant.
Summarizing, the total noise psd at the receiver is

ST ( f, d) = h f

exp(h f/kB T )− 1

+ ST x ( f )GT x G Rx [1 − τ ( f, r)]
L P ( f, r)

. (5)

B. Antenna Radiation Pattern Models

We consider two antenna radiation pattern models (see
Fig. 1), namely, the cone model and the cone-plus-sphere
model. In the first model, Fig. 1(a), the antenna radiation
pattern is modeled with a single cone-shaped beam, whose
width determines the antenna directivity. The second model,
Fig. 1(b), takes into account the presence of side-lobes around
the single main lobe, which are modeled as a sphere around
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Fig. 1. Illustration of the considered antenna radiation pattern models.

the antenna. Whereas the first antenna radiation diagram
corresponds to a rather ideal directional antenna, the second
model can be understood as a simplified model for a more
realistic antenna.

To parameterize the cone model, we need to provide the
antenna gain G for the single lobe with directivity angle α.
For the second model, G1 and G2, corresponding to the gains
for the main and side lobes, respectively, have to be provided.
The gains G, G1, and G2 will be used to amplify the signal
with respect to the direction it goes to or comes from.

1) Cone Model: For this antenna radiation pattern, the psd
PRx at a distance r is

Prx = PT x

SA
= PT x

2πrh
, (6)

where SA is the surface area of the wavefront, given by the
surface area of the spherical cap, with h = r [1 − cos(α/2)],
and α is the antenna directivity angle.

Alternatively, according to free-space propagation model,
the psd PRx at the wavefront is

PRx = PT x

SA
= PT x

G

4πr2 , (7)

which implies that the antenna gain G for the main lobe in
the cone model is given by

G = 2

1 − cos(α/2)
. (8)

Note that for α = 2π , i.e., an ideal omnidirectional antenna,
the gain G = 1 and SA = 4πr2 as in omnidirectional spherical
spreading.

Fig. 2. An illustration of the considered network deployment.

2) Cone-Plus-Sphere Model: To parameterize this model we
need to provide G1 and G2. Denoting the fraction of energy
concentrated along the main lobe by k1 and the one lost to
side lobes by k2, and following the same reasoning as for the
cone model, we get the set of equations

⎧
⎪⎨

⎪⎩

PRx12πr2[1 − cos(α/2)] = k1 PT x

PRx22πr2[1 + cos(α/2)] = k2 PT x

k1 + k2 = 1,

(9)

where, according to the free space propagation model,
{

PRx1 = G1 PT x/4πr2

PRx2 = G2 PT x/4πr2.
(10)

Thus, we have the following relation between G1 and G2

G1[1 − cos(α/2)] + G2[1 + cos(α/2)] = 2. (11)

There are multiple solutions for (G1,G2). Setting G2 = 0
reduces the model to cone antenna. Introducing k = k1/k2,
k ∈ (0, 1) we see that G2 = kG1 and G1, G2 are given by

{
G1 = 2[(1 − cos(α/2))+ k(1 + cos(α/2))]−1

G2 = kG1.
(12)

We now have the relations to specify G, G1, and G2 as
functions of α and k in such a way that total transmit power
does not change with the antenna directivity. This allows us
to further compare the interference levels in fair conditions.

C. Network Model

As the major emphasis of this study is to assess the inter-
ference and SINR in the EHF/THF bands communications,
we consider a random nodes deployment in �2, see Fig. 2.
We model the field of interferers by a Poisson point process
with intensity λI . We tag an arbitrary one and assign it as
a Rx of interest, Rx0. The associated Tx, denoted as Tx0, is
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chosen to be at the distance r0 from the Rx0. The rest of the
nodes are considered as interferers. To model the respective
receivers we assume that the orientation of the bisects of
all coverage zones of transmitters are uniformly distributed
in (0, 2π). The radius of the zone where the nodes provide
non-negligible interferences, R, can be computed using the
propagation model. The transmissions of the nodes that are
further than R is considered as noise. In our study, we consider
interferers acting as blockers as well, i.e., a certain interferer
residing along the path between another interferer and Rx0
blocks the LoS path. Thus, depending on the context, the
terms blocker and interferer are used interchangeably. The
blockers are assumed to be of circular shape with radius rB ,
see Fig. 2. The considered scenario corresponds to the case on
“uncontrolled” direct communications in a random deployment
providing the upper bound on the interference experienced by
nodes.

D. Metrics of Interest

For the described scenario, the SINR is given by

S(�r , �PT , f ) = PRx0(r0, PT x0, f )

I ( �PT x , �r , f )+ SN ( �PT , �r , f )
, (13)

where PRx0(r0, PT x0, f ) is the received signal power at a dis-
tance r0, I ( �PT x , �r , f ) is the aggregate power of the interferers
at Rx0, SN ( �PT x , �r , f ) is the total noise at Rx0, �r is the vector
of distances between interferers and Rx0, f is the frequency
and N is the number of interfering nodes in the area of radius
R. In this study, we consider no power control and assign
PT xi = PT x j = PT x0 , i, j = 0, 1, . . . , N . In what follows,
for SINR, interference and noise we drop arguments that are
often silently assumed, i.e., f , PT x and ri .

The useful received power is given by

PRx0 = Ar−2
0 e−K r0, (14)

where we abstract the effect of transmission power, antenna
gains, and path loss as

A = PT x GT x G Rx
c2

16π2 f 2 = H GT x G Rx , (15)

where H = PT x c2/(16π2 f 2) to simplify further derivations.
The values for antenna gains at Tx and Rx sides, GT x and
G Rx , can be obtained as described in Section III-B.

The aggregate interference is then

I = A
N∑

i=1

r−2
i e−K ri . (16)

where N is a random variable (RV) denoting the number
of interferers and, for clarity, the cone radiation pattern is
assumed (we provide elaborated equations for the cone-plus-
sphere antenna radiation pattern in the following section).

The expression in the denominator of SINR depends on
whether we take into account the effect of molecular noise or
not. When molecular noise is present, the aggregated noise is
written as

SN = SJ N + A
N∑

i=0

r−2
i (1 − e−K ri ). (17)

Since Ar−2
i (1 − e−K ri )+ Ar−2

i e−K ri = Ar−2
i , the denom-

inator of (13) can be written as

SJ N + I = SJ N + A
N∑

i=1

r−2
i . (18)

Substituting (17) and (18) into (13) gives the following
expression for the SINR

S = Ar−2
0 e−K r0

SJ N + A
∑N

i=1 r−2
i

. (19)

The expression (19) is a generic one with all the phenomena
taken into account. Depending on 1) the type of technology
used for receiver design, 2) the frequency band and 3) the
assumption about the molecular noise, we can distinguish
between a number of special cases. For conventional trans-
ceiver technology such as silicon germanium and frequencies
below 6THz there is always the thermal noise introduced by
the receiver SJ N . If the principal parts of the transceivers are
made of superconductive materials, such as graphene, and/or
the frequency of interest is higher than 6THz the thermal noise
is negligible [51], [52].

When molecular noise is ignored, (19) reduces to

S = Ar−2
0 e−K r0

SJ N + A
∑N

i=1 r−2
i e−K ri

. (20)

Below, we first characterize interference according to (20)
assuming that the effect of molecular noise is negligible.
We then extend the analysis to the case of molecular noise.
In Sec. V we characterize mean SINR for both (19) and (20).

IV. CHARACTERIZATION OF MEAN INTERFERENCE

A. Blocking Model

In a Poisson field of interferers, the nodes themselves act
as blockers for interference LoS paths. We assume that if the
interference LoS path between a certain interferer and the Rx0
is blocked by another interferer, the interference at the Rx0
is zero. Let us fix a distance from the interferer to Rx0, x .
In Appendix A, we show that the blocking probability is
given by

pB(x) = 1 − e−λI (x−rB)rB , (21)

where rB is the blocker radius.
Note that in addition to interferers, other humans currently

not participating in the communications may also block the
interference LoS paths. Modeling this process as an Poisson
process with intensity λB we can still apply (21) with intensity
(λI + λB).

Using (21), the blocking probability as a function of the
distance, x , for different values of λI and rB is plotted in
Fig. 3. As one may observe, the blocking probability tends
to one exponentially fast when x → ∞. Also, the higher the
intensity λI , the higher the blocking probability. The radius
of blockers, rB , also affects the value of pB . Expectedly, for
larger radii the blocking probability is higher.
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Fig. 3. Probability of blocking as a function of the separation distance x .

B. Cone Antenna Model

Consider the case of directional antenna at either Tx or
Rx first. There are two cases when an interferer located at
distance x does not contribute to the interference at the Rx0:
(i) its contribution is blocked by other interferers, and (ii) the
Rx0 is not in coverage of the interferer. The former happens
with probability pB , derived previously. The probability that
Rx0 is not in coverage of the interferer is independent of the
distance x and given by

pC = αx

2πx
= α

2π
. (22)

Consider the infinitesimal radial increment dr . Since the
process of blockers/interferers is Poisson, multiple events are
not allowed to happen within dr and the probability that
the interferer is located at distance r is proportional to the
increment of the area dr . The area increment is

π(r + dr)2 − πr2 = 2πrdr + O(1), (23)

implying that the probability that interferer is in (r, r + dr) is
2λIπrdr .

When the interferer located at the distance r is not blocked
and the Rx0 is in its coverage area, the contribution to the
interference is Ar−2e−K r . Thus, the mean interference is

E[I ] =
∫ R

rB

Ar−2e−K r pC [1 − pB(r)]2λIπrdr. (24)

Substituting (21) and (22) into (24) we get

E[I ] =
∫ R

rB

Ar−2e−K r e−λI (x−rB )rB
α

2π
2λIπrdr

= AαλI�(R, rB , λI , K ), (25)

where �(R, rB , λI , K ) is given by

� = e−λI r2
B Ei(−R[K + λI rB])

− Ei(−r2
B[K + rBλI ]), (26)

and Ei(·) is the exponential integral function.

When blocking is not taken into account, we get

E[I ] = AαλI

∫ R

rB

1

r
e−K r dr = AαλI�1(R, rB , K ), (27)

where �1(R, rB , K ) = Ei(−K R)− Ei(−KrB).
When the antenna is omnidirectional, we arrive at

E[I ] = 2πλI A�(R, rB , λI , K ), (28)

Similarly, for omnidirectional antennas and no blocking we
have

E[I ] = 2πλI A�1(R, rB , K ). (29)

Finally, when directivity at both sides is assumed we have

Blocking: E[I ] = Aα2λI

2π
�(R, rB , λI , K ),

No blocking: E[I ] = Aα2λI

2π
�1(R, rB , λI , K ). (30)

C. Cone-Plus-Sphere Antenna Model

For the cone-plus-sphere antenna, we have to distinguish
between three cases for an individual interferer: (i) interferer’s
LoS path is blocked, (ii) interferer’s LoS path is not blocked
and points to the Rx0 with its main lobe, and (iii) interferer’s
LoS path is not blocked and points to the Rx0 with its
side/back lobes. The probability of the first event is pB and
the contribution of the interferer to the total interference
is 0. The probability of the second event is pc(1 − pB)
and the contribution can be expressed via (25) with A1 gain
replacing A. The third event happens with the probability
(1 − pc)(1 − pB) and the contribution can be estimated by
extending the result from (25) with A2 replacing A. The mean
interference for cone-plus-sphere antenna model is

E[I ] =
∫ R

rB

A1r−2e−K r pC pA2λIπrdr

+
∫ R

rB

A2r−2e−K r (1 − pC)pA2λIπrdr. (31)
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Evaluating the integrals in (31) we arrive at

E[I ] = A1αλI�(R, rB , λI , K )

+ A2[2π − α]λI�(R, rB , λI , K ). (32)

When blocking is not taken into account we have

E[I ] = A1αλI�1(R, rB , K )

+ A2[2π − α]λI�1(R, rB , K ). (33)

For directive antennas at both Tx and Rx, we obtain

Blocking: E[I ] = A1α
2λI

2π
�(R, rB , λI , K )

+ A2[2π − α2]λI

2π
�(R, rB , λI , K ),

No blocking: E[I ] = A1α
2λI

2π
�1(R, rB , K )

+ A2[2π − α2]λI

2π
�1(R, rB , K ). (34)

Note that different directivity at Rx and Tx can also be
modeled.

D. Interference in Presence of Molecular Noise

When molecular noise is taken into account, the mean
interference for the cone model is

E[I ] =
∫ R

rB

Ar−2e−λI (x−rB )rB
α

2π
2λIπrdr

= AαλI�
�
1(R, rB , λI ), (35)

where the term ��1(R, rB , λI ) is

��1(R, rB , λI ) = e−λI rB E(−λI rB R)− E(−λI r2
B). (36)

The difference compared to the absence of molecular noise
is that the interfering power at the receiver from a single
node is now Ar−2 instead of Ar−2e−K r due to additional
contribution of molecular noise, Ar−2

0 (1 − e−K r0).
Similarly, for cone-plus-sphere model we have

E[I ] = A1αλI�
�
1(R, rB , λI )

+ A2[2π − α]λI�
�
1(R, rB , λI ). (37)

For directive antennas at both Tx and Rx we have

Cone: E[I ] = Aα2λI

2π
��1(R, rB , λI )

CPS: E[I ] = A1α
2λI

2π
��1(R, rB , λI , K )

+ A2[2π − α2]λI

2π
��1(R, rB , λI , K ). (38)

V. SIR AND SINR FUNCTIONS

As discussed in Sec. III, SIR and SINR are the functions of
the interference. According to the conventional approach, to
determine these metrics one has to first obtain the distribution
of interference and then transform this distribution to the
metrics of interest. The distribution of interference is obtained
by finding the distribution of each component Ar−2

i e−K ri and

then either switching to the transform domain to obtain the
sum of RVs

∑N
i=1 Ar−2

i e−K ri , where N is a RV denoting the
number of non-blocked interferers and r is the distance from
the Rx0 to an interfer or by directly approximating it with a
certain distribution [41], [53].

Working with EHF/THF propagation with blocking effect,
we face fundamental difficulties applying the abovementioned
approach. First of all, the density of interferers is non-uniform
over the circle as the blocking probability pB(x) depends on
the distance to the potential interferer. Secondly, switching to
the transform domain is infeasible for the propagation model
in hand as there is no closed form for Laplace transform of
the interference from a single node, Ae−K rr−2. On top of this,
even if it would have been feasible (e.g., in case of power-law
propagation and no blocking), the inversion of the resulting
transform back to the RV domain is also infeasible in most
cases implyinsg that we are limited to first few moments of
the metric of interest.

To obtain approximations for the mean and variance of SIR
and SINR functions we propose to use the Taylor expansion
technique outlined in Appendix B. Particularly, for the mean
value of a RV Y = g(X), where X is a RV with mean and
variance μ0 and σ 2[X] we have

E[Y ] = g(μ0)+ g′′(μ0)

2
σ 2[X], (39)

while for variance of Y = g(X) we have

σ 2[Y ] = [g′(μ0)]2σ 2[X] − 1

4
[ f ′′(μ0)σ

2[X]]2. (40)

The SIR and SINR functions are given by

g1(x) = C

x
, g2(x) = C

SJ N + x
, (41)

where C = Ar−2
0 e−K r0 , SJ N is the Johnson-Nyquist noise.

The first and second derivatives of (41) are

g′
1(x) = − C

x2 , g′
2(x) = − C

(SJ N + x)2
,

g′′
1(x) = 2C

x3 g′′
2 (x) = 2C

(SJ N + x)3
. (42)

The mean interference has been found in the previous
section. To find mean and variance of the metrics of interest we
need variance of interference provided in Appendix C. Now,
for the mean SINR for directive antennas at one side only we
arrive at (43), as shown at the top of next page, for blocking
and no blocking cases, respectively, where r0 is the separation
distance between Tx and Rx, the functions 	(R, rB , λI , K )
and 	1(R, rB , K ) are defined in Appendix C.

For the mean SINR for directive antennas at both Tx
and Rx we have (44), as shown at the top of next page,
for blocking and no blocking cases, respectively, where the
functions 	(R, rB , λI , K ) and 	1(R, rB , K ) are defined in
Appendix C. The mean SINR in presence of molecular noise
as well as the mean SIR for all considered cases can be
obtained similarly. Note that getting higher moments of inter-
ference, e.g., skewness, excess, allows to increase the accuracy
of approximations in (62), (66).
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Directional Tx or Rx

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

Blocking: E[S] = Ae−K r0r−2
0

SJ N + AαλI�(R, rB , λI , K )

+ A3e−K r0r−2
0 [αλI	(R, rB , λI , K )− [αλI�(R, rB , λI , K )]2]

[SJ N + AαλI�(R, rB , λI , K )]3 ,

No blocking: E[S] = Ae−K r0r−2
0

SJ N + AαλI�1(R, rB , K )

+ A3e−K r0r−2
0 [αλI	1(R, rB , K )− [αλI�1(R, rB , K )]2]

[SJ N + AαλI�1(R, rB , K )]3 ,

(43)

Directional Tx and Rx

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

Blocking: E[S] = Ae−K r0r−2
0

SJ N + Aα2λI
2π �(R, rB , λI , K )

+ A3e−K r0r−2
0 [αλI

2π 	(R, rB , λI , K )− [α2λI
2π �(R, rB , λI , K )]2]

[SJ N + Aα2λI
2π �(R, rB , λI , K )]3

,

No blocking: E[S] = Ae−K r0r−2
0

SJ N + Aα2λI
2π �1(R, rB , λI , K )

+ A3e−K r0r−2
0 [αλI

2π 	1(R, rB , K )− [α2λI
2π �1(R, rB , λI , K )]2]

[SJ N + Aα2λI
2π �1(R, rB , λI , K )]3

,

(44)

VI. NUMERICAL RESULTS

In this section, we assess the effects of the radiation
pattern model, antenna directivity, blocking, absorption loss
and molecular noise on the mean interference and the mean
SINR. For comparison purposes, throughout this section, we
present the results assuming that interference coming from
the nodes more than R from the receiver is zero, while the
coefficient A, introduced in (15), equals to 1 for omnidi-
rectional antenna (H = 1). The results for other models
are relative to the omnidirectional one. In addition to A,
(15) includes the frequency-dependent component of the path
loss, related to the Rx antenna aperture. In the rest of this
section, to qualitatively illustrate the dependencies of the
metrics of interest on the continuum of values of the absorption
coefficient K without referring to particular frequencies, we
assume that this component is constant. Also, throughout this
section the radius of the interference zone, R, around Rx0 is
set to 10.

A. Interference Assessment

1) The Effect of Directivity: In the first two subfigures
in Fig. 4 the mean interference for scenarios with omni-
and directional antennas is illustrated and compared to the
simulation data when blocking is not taken into account. The
same emitted power at all the nodes was assumed, absorption
coefficient was set to K = 0.01 and blocking was not taken
into account.

The simulation results have been obtained using an in-
house-made simulator emulating the deployment scenarios.
Simulated data points are indicated with markers of the same
color in Fig. 4. As one may notice observing illustrations in
Fig. 4, the analytical data closely resemble those of simulations
confirming the accuracy of the proposed analysis. For this
reason, in what follows, we illustrate the mean interference
using analytical results only.

Analyzing Fig. 4(a) computed using (27), (29) and (30),
we first note that all the models converge to the same value
for α = 2π confirming our derivations. We see that using a
directional antenna at Tx (or Rx) only results in much larger
interference compared to omnidirectional case in the interval
of most interest (0, π). This is due to the fact that for small
values of α both cone and cone-plus-sphere antenna radiation
patterns concentrate the majority of the emitted power in
the plane, all the interferers and target receiver are in. So,
the probability to hit the receiver with the beam decreases
slower than the average impact of a single hit, which leads to
the greater interference. Furthermore, the less the directivity
angle α the more interference is observed. The reason is that
highly directional antennas concentrate the emitted power in
a single beam and although only few may affect the receiver,
their effect on average is higher compared to omnidirectional
antennas. Enabling directivity at both Tx and Rx increases
the interference even further. The effect of the density of
interferers is linear when blocking is not taken into account
as shown in Fig. 4(b), computed using (27), (29) and (30).
The larger the value of λI the larger the gap between systems
with directional and omnidirectional antennas. The highest
interference is observed when both Tx and Rx are equipped
with directions antennas.

This destructive effect of interference is mitigated by:
(i) higher received signal strength compared to omnidirectional
antennas, (ii) reduction in transmission power and (iii) block-
ing of EHF/THF radiation by the interferers themselves. The
latter is a natural phenomenon of EHF/THF band that may
inherently improve performance of communications.

2) The Effect of Blocking: The last two figures in Fig. 4,
computed using (25), (28) and (30), show the mean interfer-
ence for scenarios with omnidirectional and directional anten-
nas, when blocking is taken into account and cone directional
antenna model is used. Comparing Fig. 4(c) to Fig. 4(a), we
see that the blocking drastically decreases the interference for
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Fig. 4. Comparison of interference for scenarios with omnidirectional and directional cone antenna radiation pattern models.

all considered cases. Still the system with directional Tx and
Rx is characterized by the highest interference.

The effect of blocking on the mean interference as a
function of the interference intensity, λI , shown in Fig. 4(d)
and computed using (25), (28) and (30), illustrates that the
structure of interference principally changes when blocking is
taken into account. Instead of the linear increase in response to
the increase in λI inherent for systems without blocking, see
Fig. 4(b), the increase is sublinear. Furthermore, the aggregate
interference in presence of blocking does not tend to infinity as
λI → ∞. The reason is that, in presence of blocking, there is
always a certain radius around the Rx0 such that the interferers

located outside do not contribute to the interference at Rx as
their interference LoS paths are blocked.

3) The Effect of Absorption: Let us now illustrate the effect
of absorption coefficient. Fig. 5, computed using (30), high-
lights dependence of the mean interference on the absorption
coefficient K for cone directional antenna model with blocking
taken into account. Fixing the density of interferers, λI , we
observe the expected dependency on K , i.e., the interference
is smaller for higher values of K , see Fig. 5(a). In general,
when K increases, the interference naturally decreases due
to less radiation reaching the receiver. It is important to note
that this feature of EHF/THF bands is often claimed to have
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Fig. 5. Dependence of the mean interference on the absorption coefficient K for cone directional antenna model.

Fig. 6. Comparison of mean interference between cone and cone-plus-sphere antenna models.

negative effect. Here, we see that the proper choice of the
emitted power and the operational frequency may, in fact,
allow for point-to-point links creating only little interference
to concurrent transmissions. Fig. 5(a) and Fig. 5(c), computed
using (30), show that the effect of absorption is similar for
different directivity angles.

4) The Effect of the Antenna Model: Consider the effect of
different antenna radiation pattern model. Recall that accord-
ing to cone model no radiation is lost to the side lobes.
The cone-plus-sphere model takes into account losses to side
lobes via coefficient k. The question is whether the gap
between these models is large to warrant additional modeling
complexity.

The mean interference as a function of the antenna direc-
tivity α for different values of loss coefficient k is shown
in Fig. 6(a), computed using (30) and (34). As one may
observe the behavior of the cone-plus-sphere model is more
complicated compared to the cone one. When losses to side
lobes are rather low, it, expectedly, resembles on the properties
of the cone model. However, when k increases, the mean
interference no longer tends to linear function characterizing
the omnidirectional case. The dependence on λI is illustrated
in Fig. 6(b), computed using (30) and (34). As one may
observe, when losses to side lobes increases the interfer-
ence decreases, i.e., the cone model greatly overestimates the
actual interference. Fig. 6(c) illustrates this effect for a wide

Fig. 7. Effect of molecular noise for cone antenna model.

range of k and different α. Since realistic antennas are non-
perfect, characterized by k in the range 0.1 ∼ 0.2 [54], no
accurate approximation can be provided by the simple cone
model.

5) The Effect of Molecular Noise: Let us analyze the effect
of molecular noise. Recall that the presence of molecular
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Fig. 8. Comparison of SINR for scenarios with omnidirectional and directional (cone) models.

noise simplifies the interference to
∑N

i=1 Ad−γ
i as noise terms

(1 − e−K di ) now contribute to the interference at the Rx0.
Fig. 7, computed using (38), provides the comparison between
scenarios where the effect of molecular noise is taken into
account and neglected for cone antenna model and several
values of absorption coefficient K . Expectedly, the scenario,
where the molecular noise is considered leads to higher
interference. When K increases from 0.2 to 0.5 to 1.0 the
interference decreases.

B. SINR Assessment

The interference alone does not allow to make final conclu-
sions about the performance of EHF/THF systems. The reason

is that antenna directivity not only affects the interference
but the useful received signal strength too. Below, we assess
performance of the considered scenarios using mean SINR as
a metric of interest concentrating on the cone antenna model.

1) The Effect of Directivity: The effect antenna directivity
on the SINR, illustrated using (43) and (44), is demonstrated
in Fig. 8(a) and Fig. 8(b) for r0 = 3, when blocking is not
taken into account. Fig. 8 also shows the results obtained by
simulation of the considered scenarios. The model provides
accurate SINR approximations for a wide range of input
parameters. For this reason, from now on, we use the analytical
model only.

As one may observe from Fig. 8(a), the system with
directional antennas shows better SINR performance compared
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Fig. 9. Dependence of the SINR on the absorption coefficient K for cone antenna model.

to the one with omnidirectional antennas. When directivity
is enabled at both sides the SINR improves even further.
The SINR increases exponentially fast when the directivity
of antennas increases. Recall, that the aggregated interference
in this case also increases. However, it is compensated by
the increase in the useful received power. We note that all
the models converge to the same value for α = 2π further
confirming our derivations. We also note that the substantial
increase in SINR when α → 0 may not be achieved in real
systems due to the risk of antennas misalignment between
transmitter and receiver.

Fig. 8(b) highlights that the increase in the density of
interferers leads to the corresponding exponential decrease
of SINR. The system with directional Tx and Rx greatly
outperforms the system with directional Tx or Rx while the
worst performance is observed for omnidirectional antennas.
The effect of the distance between Tx and Rx, r0, on SINR
has an expected behavior, that is, the SINR decreases with the
increase of r0 for all considered models, and for this reason is
not shown here. The system with directional antennas at both
Tx and Rx outperforms the one with omnidirectional one by
approximately two orders of magnitude for all distances r0.

2) The Effect of Blocking: Consider now the effect of
blocking on SINR. Fig. 8(c), computed using (43) and (44),
shows the comparison between systems when blocking is taken
into account. Comparing it to the results in Fig. 8(a) for no
blocking case, one may observe, that even for rather small
value of interferers density, λI = 0.1, the blocking effect
drastically increases the resulting SINR. This conclusion is
valid not only for directional antennas but for omnidirectional
ones as well. Note that the behavior of the mean SINR curves
is qualitatively similar to those shown in Fig. 8(a). In other
words, the effect of blocking affects SINR numerically only.

Fig. 8(d) shows the effect of varying interferers intensity,
λI , on the mean SINR. Similarly to the no blocking case the
mean SINR decreases as the value of λI increases. However,
as opposed to the no blocking case, SINR does not tend to
zero as λI → 0. Instead, it approaches a plateau for any given
antennas directivity angle α. This behavior is explained by
the fact, that for any chosen values of λI there is always a
separation distance from the Rx such that all the interferers

located outside are blocked. Note that in practice, the interfer-
ence from such nodes may still reach the Rx via reflections and
or diffuse scattering phenomena. However, according to the
recent measurements, the contributions of these components
are expected to be rather weak and may not drastically change
the mean SINR structure [12].

3) The Effect of Absorption Loss: The effect of absorption
loss on the mean SINR for directional antennas at both Tx
and Rx when blocking is taken into account is illustrated in
Fig. 9, computed using (44). Observing the dependence on K
in Fig. 9(a) we notice that the small values of λI always lead
to higher SINR. However, the dependence is not linear and
changes with λI . For small values of the intensity of interferers
the mean SINR first increases approaching the maximum point
and then decreases. On the other hand, for larger values of
λI the mean SINR is a monotonously decreasing function
of K . The underlying reason for this behavior is the effect
of blocking and the presence of the molecular loss coefficient
in both numerator and denominator of the SINR. Thus, when
K and λI are both small, the numerator is not greatly affected
by the absorption losses while blocking effectively conceal
the interference in the denominator. Further, when K becomes
greater than a certain value the numerator is heavily affected
and the SINR decreases. For larger values of λI the effect of
blocking cannot conceal the aggregated effect of interference
even for small values of K .

Fig. 9(b), computed using (44), shows the effect of K on the
mean SINR for different values of the antenna directivity angle
α for directive antennas at both Tx and Rx and with blocking
taken into account. Observe that for a given value of antenna
directivity angle α the mean SINR decreases with the increase
of K . This is explained by the effect of the denominator of the
SINR. The detailed structure of the mean SINR as a function
of α is further illustrated in Fig. 9(c), computed using (44).
As one may observe, the mean SINR decreases as the antenna
directivity increases. It is important that the gap between the
environment with low and high absorption losses is high.

4) The Effect of Molecular Noise: Finally, Fig. 10 demon-
strates the effect of molecular noise for a system with direc-
tional antennas at both Tx and Rx and with blocking taken
into account. Recall, that according to (19), in presence of
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Fig. 10. Effect of molecular noise on SINR, λI = 1.

the molecular noise the exponential term disappears in the
denominator of SINR making the aggregated interference
stronger and still remains in numerator attenuating the useful
received signal. Thus, expectedly, the mean SINR for K = 1.0
is lower compared to absence of molecular noise and K = 1.0
for the entire range of α. This conclusion is preserved for all
intensities of interferers.

VII. CONCLUSIONS

In this paper, we have developed an analytical model for
the mean interference and the SINR in mm-wave and THz
communication networks. By utilizing the model, we have
characterized the impact of the type of the antenna directivity
and radiation pattern, the molecular absorption and block-
ing on aggregate interference and SINR in random Poisson
deployment.

Our results show that for the same emitted power, the mean
interference in a system with directional antennas drastically
increases when directivity angle decreases. At the same time,
the impact of the smaller directivity angle on the mean SINR
is positive, as the received signal strength increases faster than
the interference. The inherent property of EHF/THF bands
of self-blocking of radiation by interferers leads to drastic
performance improvements in terms of aggregate interference
and SINR metrics compared to microwave systems. On the
contrast, molecular absorption leads to the lower values of
SINR. While molecular absorption loss further decreases the
interference exponentially, it decreases the received signal
strength too, and the effect on the latter is stronger. Finally,
the effect of the molecular noise on SINR is also negative. The
reason is that the useful received signal is still exponentially
attenuated while the aggregated interference increases.

In our study, we have assumed that interferers completely
blocks the EHF/THF radiation. In practice, reflections as
well as diffuse scattering of EM waves inherent for these
frequencies may still contribute to the aggregate interference at
the Rx even when LoS is blocked, requiring advanced analysis.

APPENDIX A
BLOCKING MODEL

Here, we derive the probability of blocking using the
elements of the stochastic geometry and renewal theory. The
idea is to find the mean length of the blocked and open
intervals at the circumference of the circle of radius x and then
determine the probability of blocking of a random interferer
located at x as a ratio of means of these intervals.

Consider the projection of blockers’ along the radial lines as
shown in Fig. 11(a). It forms a homogeneous Poisson process.
Indeed, it is easy to prove that the process (i) has marginal
Poisson distribution, (ii) is independent at all arc intervals,
and (iii) is homogeneous. To demonstrate (i), we observe that
the number of points projected at any arc of a fixed length
equals to the number of points in the corresponding sector
of a circle. Recalling that the number of points of a Poisson
process falling into a certain area follows Poisson distribution
we see that (i) holds true. The second property (ii) stems from
the non-overlapping nature of sectors. Finally, (iii) is a direct
consequence the homogeneity of the original Poisson process
in �2.

Let us determine the intensity of the blocker’s projections
on the circumference of the circle of radius x , λP (x). This is
accomplished by finding the mean number of points contained
in the subsector of a circle defined by radii x and rB , S(rB , x),
where rB is radius of a blocker. Recalling that the angle of the
sector, α, is related to the chosen arc lA as α = lA/x , while
the area of the sector is related to the angle as r2α/2, we have

S(rB , x) = lAr2
B

2x
, (45)

Expressing the area of the sector with radius x as S(x) =
lAx/2, the intensity λP (x) is

λP (x) = [S(x)− S(rB , x)] 1

lA
λI

=
(

lAx

2
− lAr2

B

2x

)
λI

lA
= λI (x2 − r2

B)

2x
. (46)

where S(rB , x) = lAr2
B/2x is the area of the difference

between sectors of radius x and rB , lA is the length of the
arc, rB is the radius of the blocker.

So far we have dealt with a point process of centers of
blockers. Consider now the RV W denoting the length of a
“shadow’" created by an individual blocker at circumference,
in Fig. 11(b). Observe that it depends on the distance from Tx
to the blocker. For r 
 2rB , where r is the distance from the
base of Tx to Rx, we could replace the arc ARxB by a chord
AB. Since the points of the Poisson process are uniformly
distributed in a circle, the probability density function (pdf)
of the distance to a randomly selected blocker is

fL(r; x) = 2r

x2 − r2
B

, rB < r < x . (47)

Observing Fig. 11(b), by simple geometry we see that

W = 2xrB

L
, (48)

where the distance to the blocker, L, is the only RV involved.
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Fig. 11. Graphical illustrations of the blocking process.

The density of W can be obtained using the RV transforma-
tion technique [55]. Although the inverse function ψ(y) = 1/x
has a discontinuity as x → 0 over the domain of L, it is
continuous. The modulo of the derivative of ψ(y) is 1/y2.
Applying non-linear transformation in the form 2rB x/L the
pdf of W can be written as

fW (y; x) = f (ψ(y))|φ′(y)| = 8x2r2
B

(x2 − r2
B)y

3
, (49)

The mean of of the shadow on the circumference is then

E[W (x)] =
∫ 2x

2rB

8x2r2
B

(x2 − r2
B)y

3
ydy = 4rB x

x + rB
. (50)

Consider now the projections of blockers onto the circum-
ference of radius x , as shown in Fig. 11(a). The lengths of the
projections of individual blockers are independent with density
fW (x) and mean E[W ]. It is easy to see that similarly to the
centers of blockers, the left hand points and right hand points
of individual blockers organize Poisson processes with the
same intensity λP . The superposed process of all projections
forms a renewal process with interchanging blocked and

unblocked parts. An arbitrary point on the line is considered
blocked if it belongs to one of the blocked interval. We find the
probability of blocking as the ratio of the means of blocked
interval to the sum of the means of blocked and unblocked
intervals.

Let ai bi , i = 1, 2, . . ., denote the lengths of unblocked and
blocked intervals respectively, and define vi = ai + bi . Points
0, v1, v1+v2, . . . ,

∑N
j=1 v j , . . . , are the renewal moments that

form the renewal process. The density of this process is [56]

f (x) = λP FW (x) exp

(

−λP

∫ l

0
[1 − FW (y)]dy

)

. (51)

Let fV (t) be the pdf of vi , i = 1, 2, . . . . The functions
fV (x) and f (x) are related to each other via the renewal
equation as [56]

f (x) = fV (x)+
∫ l

0
fV (x − y) f (y)dy. (52)

The length of the unblocked part a j follows an exponential
distribution with parameter λP [56]. This can be verified
observing that the left-hand sides of individual shadows follow
Poisson process with intensity λP . Thus, the distance from the
end of the blocked part, considered as an arbitrary point, to
the starting point of the next blocked interval is exponentially
distributed.

Let FB(x) and FV (x) be the CDFs of the length of blocked
intervals bi , and joint blocked/unblocked intervals, Vi , respec-
tively, with means E[B] and E[V ]. Let further F∗

B(s) and
F∗

V (s) be the corresponding Laplace-Stieltjes (LT) transforms.
For the joint interval Vi we have

F∗
V (s) = F∗

B(s)F
∗
A(s) = λP

F∗
B(s)

λP + s
, (53)

which can be solved for FB(x) in the RV domain as

FB(x) = FV (x)+ fV (x)

λP
. (54)

When l → ∞ the renewal density approaches 1/E[V ].
From (51), it also equals to f (x) = λP exp(−λP E[W ]). Thus,

E[V ] = 1

λP
exp(λP E[W ]). (55)

Consequently, E[B] can now be found as

E[B] =
∫ ∞

0

(

1 − FV (x)− fV (x)

λP

)

dx

= E[V ] − 1

μ
= 1

λP
[exp(λP E[W ])− 1]. (56)

The probability of blocking is thus

pB(x) = E[B]
E[A] + E[B] = 1 − e−λI (x−rB)rB , (57)

where we substituted the mean of W from (50).
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TABLE II

E[I 2] FOR CONE ANTENNA PATTERN MODEL

APPENDIX B
TAYLOR EXPANSION APPROXIMATION

Here, we introduce the Taylor expansion approximation,
used to derive the mean SIR and SINR in Section V. Let
X and Y be RVs and let Y = g(X), where y = g(x) is some
function. According to the conventional technique, to find the
pdf of Y , we need pdf of X . Also, when pdf of X is known
the raw moments of Y can be found directly as

E[Y v ] =
∫ ∞

−∞
[g(x)]v fX (x)dx . (58)

In our case the pdf of interference is not known and only
moments can be obtained. Thus, the task is to determine
moments of Y based on the moments of X given a certain
y = g(x). Note that knowing the moments of SIR and SINR
one may also obtain bounds in the form Pr{Y ≤ y} applying
Markov or Chebyshev inequalities.

Let g(x) be infinitely differentiable function. Let also μi

and βi , i = 0, 1, . . . , be the raw and central moments of X ,
respectively, i.e., μi = E[Xv ], βi = E[(X − μ0)

v ]. Consider
the Taylor series expansion of g(x) around μ, that is,

g(x) =
∞∑

i=0

g(i)(μ0)

i ! (x − μ0)
i . (59)

Taking expectations from both sides of (59) we get

E[g(x)] =
∞∑

i=0

g(i)(μ0)

i ! E[(x − μ0)
i ]. (60)

where g(i)(x) denotes i th derivative of g(x).
Noting that βi = E[(x − μ0)

i ], E[g(x)] = E[Y ] we it as

E[Y ] =
∞∑

i=0

g(i)(μ0)

i ! βi . (61)

Knowing the central moments of X and leaving a certain
amount of terms in (61) we could approximate the mean of Y
with any given accuracy. For practical applications two or three
terms often suffice. Analyzing (61) one may observe that the
first term β1 = E[X − μ0] is always zero. Thus, in what
follows, we use

E[Y ] = g(μ0)+ g′′(μ0)

2
σ 2[X], (62)

where σ 2[X] is the variance of X .

Let ai = g(i)/ i ! and consider the variance of Y . Using
σ 2[Y ] = E[Y 2] − (E[Y ])2 we can show

(E[Y ])2 =
∞∑

i=0

a2
i β

2
i +

∞∑

i=0

aiβi

∞∑

j=i+1

a jβ j

= a2
0 + 2a0

∞∑

i=2

aiβi +
( ∞∑

i=2

aiβi

)2

, (63)

where we separated quadratic and linear terms.
Using the Taylor series expansion around μ, squaring it and

taking expectations we arrive at

E[Y 2] =
∞∑

i=0

biβi , (64)

where the sequence bi is given by

bi =

⎧
⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

a2
i/2 + 2

i/2−1∑

k=0

akai−k , i is even

2
n/2�∑

k=0

akai−k , i is odd,

(65)

and ·� denotes the floor function.
Leaving linear terms in (63) and (64) and simplifying

σ 2[Y ] =
∞∑

i=2

ciβi +
( ∞∑

i=2

aiβi

)2

, (66)

where the sequence ci is

ci =

⎧
⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

a2
i/2 + 2

i/2−1∑

k=1

akai−k, i is even

2
n/2�∑

k=1

akai−k , i is odd.

(67)

The approximation for variance is now given by

σ 2[Y ] = [g′(μ0)]2σ 2[X] − 1

4
[ f ′′(μ0)σ

2[X]]2, (68)

where we also included the qudratic correction term.

APPENDIX C
VARIANCE OF INTERFERENCE

There are two ways to find variance of interference. Accord-
ing to the first approach we (i) determine the distribution of
distance to a randomly chosen interferer that is not blocked,
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	 = 4R2(K + λI rB)
2e2R(K+λI rB )Ei(2R(rBλI + K ))+ 2K R + 2λI RrB − 1

2R2e−2λI rB (rB−R)−2K R

∣
∣
∣
∣

R

rB

(70)

	1(R, rB , K ) =
(

2K 2 Ei(−2K R)+ e−2K R
(

K

R
− 1

2R2

)) ∣
∣
∣
∣

R

rB

,

	�1(R, rB ) = 1

2r2
B

− 1

2R2 , 	�(R, rB , λI ) = λ2
I R2r2

BeλI RrB Ei(−RrBλI )+ λI RrB − 1

2R2e−λI rB (rB−R)

∣
∣
∣
∣

R

rB

(71)

(ii) estimate the moments of the interference from this nodes,
(iii) observe that the number of non-blocked interferers fol-
lows Poisson distribution with reduced intensity and, finally,
(iv) obtain the variance of aggregated interference as a variance
of a random sum of RVs, see, e.g., [55]. Note that this
approach can also be used to find mean interference (via Wild’s
identity) and it is feasible due to finite mean and variance of
interference from a single node.

In what follows, we rely on the approach similar to that
we used for finding mean interference in Sec. IV. Particu-
larly, representing the variance of interference as σ 2[I ] =
E[I 2] − (E[I ])2 we will be looking for E[I 2]. Owing to the
independence of the RVs representing the number of points
of a Poisson process in non-overlapping areas we use integral
expressions to get E[I 2]. Since the derivation is similar for
all considered cases, we demonstrate the approach it for cone
antenna model with blocking and Tx (or Rx) directivity.

Taking into account Tx (or Rx) directivity and blocking we
write

E[I 2] =
∫ R

rB

(
Ar−2e−K r

)2
e−λI (x−rB)rB

α

2π
2λIπrdr

= A2α2λI

2π
	(R, rB , λI , K ), (69)

where 	(R, rB , λI , K ) is given in (70), as shown at the top
of this page. The second raw moment for cone antenna model
without blocking and/or directivity is found similarly to (69).
Also, one can use this approach to obtain E[I 2] for cone-
plus-sphere model. The resulting expressions for cone antenna
models are shown in Table II, where	1(R, rB , K ),	�1(R, rB),
and 	�(R, rB , λI ) are given in (71), as shown at the top of
this page.
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