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Capacity and Outage of Terahertz Communications With
User Micro-Mobility and Beam Misalignment
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Abstract—User equipment mobility is one of the primary challenges for
the design of reliable and efficient wireless links over millimeter-wave and
terahertz bands. These high-rate communication systems use directional
antennas and therefore have to constantly maintain alignment between
transmitter and receiver beams. For terahertz links, envisioned to em-
ploy radiation patterns of no more than few degrees wide, not only the
macro-scale user mobility (human walking, car driving, etc.) but also the
micro-scale mobility – spontaneous shakes and rotations of the device –
becomes a severe issue. In this paper, we propose a mathematical framework
for the first-order analysis of the effects caused by micro-mobility on the
capacity and outage in terahertz communications. The performance of
terahertz communications is compared with and without micro-mobility
illustrating the difference of up to 1 Tbit/s or 75%. In response to this
gap, it is finally shown how the negative effects of the micro-mobility can be
partially addressed by a proper adjustment of the terahertz antenna arrays
and the period of beam realignment procedure.

I. INTRODUCTION

While the commercial fifth-generation (5G) mobile networks ex-
ploiting millimeter wave (mmWave) band are expected to appear within
the next few years [1], the researchers started targeting Terahertz (THz,
300 GHz–3 THz) band communications as a technology enabler for
novel 6G and beyond applications [2], [3]. The sub-millimeter wave-
length of THz frequencies promises ultra-large antenna arrays featur-
ing thousands of elements at both transmitter and receiver sides [4].
These arrays will be capable of creating extremely directional steerable
antenna radiation patterns with the beamwidth of just a few degrees
or even less. The later feature allows to overcome severe path loss
and atmospheric absorption at THz frequencies and maintain adequate
levels of signal-to-noise ratio (SNR) at the distances of up to a few tens
of meters [5].

On the negative side, the use of very narrow THz radiation patterns
in mobile communications challenges the accuracy and speed of the
employed beam steering procedures to follow the nodes mobility.
For handheld and wearable THz devices, not only the conventional
macro-mobility (human walking, car driving, etc.) but also the much
less predictable micro-mobility (small-scale shakes and rotations) have
to be considered [6], [7]. These fast displacements of the mobile
THz user equipment (THz-UE) may cause frequent misalignments of
the highly-directional THz beams, consequently leading to possible
outages and degradation of the link capacity [8].

Manuscript received September 27, 2019; revised March 7, 2020; accepted
April 8, 2020. Date of publication April 20, 2020; date of current version June
18, 2020. This work was supported by the U.S. National Science Foundation
under Grant CNS-1846268 “CAREER: Realizing Ultra-Broadband Terahertz
Communication Networks”. The review of this article was coordinated by Dr.
J. C. Chen. (Corresponding author: Vitaly Petrov.)

Vitaly Petrov, Dmitri Moltchanov, and Yevgeni Koucheryavy are with the
Tampere University 33100, Tampere, Finland (e-mail: vitaly.petrov@tuni.fi;
dmitri.moltchanov@tut.fi; yk@cs.tut.fi).

Josep M. Jornet is with the Northeastern University, Boston, MA 02115 USA
(e-mail: jmjornet@northeastern.edu).

Digital Object Identifier 10.1109/TVT.2020.2988600

The topic has been partially studied to date. The capacity of a THz
link with a fixed beam misalignment was evaluated in [9]. Then, Priebe
et al. [10] performed ray-based simulations to explore the impact
of typical human mobility on indoor THz systems. Approaches to
analytically model the effect have been proposed, among others, in [11]
and [12]. Both works study a snapshot of the network, where the current
misalignment is modeled as a random variable. An indoor network
with a THz access point (THz-AP) and walking human users has
been simulated in [8] and [13]. An enhanced solution to maintain the
mmWave beam alignment in the presence of micro-mobility has been
presented in [14]. The joint beam alignment and rate control algorithm
for mmWave networks has been delivered in [15]. Finally, Hur et al. [6]
modeled the mmWave backhaul links with 2D mobility caused by the
wind, however, no rotations have been considered.

Summarizing, no mathematical framework quantifying the effect of
the THz-UE micro-mobility (both displacements and rotations) on the
mobile THz communications has been reported to date. We address this
gap in the present article. The main contributions of this work are:
� To estimate the achieved capacity and fraction of time in outage

of a THz link as a function of THz-UE micro-mobility parameters
and antenna array characteristics, a unified mathematical frame-
work is proposed based on probability and random walk theories.

� To numerically characterize the system performance when ac-
counting for the THz-UE micro-mobility, a mathematical method-
ology is employed. It is particularly shown that the capacity of the
THz link can decrease by up to 75% in the presence of THz-UE
micro-mobility. It is also demonstrated that a proper adjustment
of the antenna array sizes using our framework results in up to
500 Gbit/s capacity improvement.

II. SYSTEM MODEL

1) Deployment and Propagation Model: We consider a single
link between a stationary THz-AP and a handheld THz-UE separated
by d meters (see Fig. 1). To model the narrow THz beams, we assume
that both THz-AP and THz-UE are equipped with 2D antenna arrays of
NA ×NA and NU ×NU (NA � NU) elements generating 3D sectored
antenna radiation patterns with the gains of GA = N 2

A, GU = N 2
U. The

corresponding antenna radiation pattern angles for THz-AP and THz-
UE are approximated as α = 102π

180NA
and β = 102π

180NU
[16].

We employ a THz-specific propagation model from [5]. According
to it, the SNR at the THz-UE, SU, is written as

SU = PAGAGU
c2

16π2f 2N0(B)
d−2e−Kd, (1)

where f is the carrier frequency,B is the bandwidth,K is an absorption
coefficient for the band, N0(B) is the noise level.

2) Micro-Mobility Model: The micro-mobility of the THz-UE is
modeled as a combination of random displacements processes over OX
and OY axis in Fig. 1, x(t) and y(t), together with the random rotation
processes φ(t) and θ(t). These stochastic processes are modeled as
independent random walks and parameterized with the mean displace-
ment after one second of action: Δx, Δy, Δφ, and Δθ, respectively.

To simplify the model, we do not account for any micro-mobility
along the OZ axis in Fig. 1, z(t), or device rotations over this axis,
ξ(t). The reason is that for the considered scenario neither cm-scale
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Fig. 1. Modeled THz communications with micro-mobility of THz-UE.

movements along the communication path nor any rotations perpendic-
ular to the communication link have any notable effect on the link-level
performance.

3) Beam Alignment Schemes: The design of efficient beam
alignment mechanisms for THz communications is still in progress,
so our mathematical framework is independent of the choice of the
specific beam alignment procedure. We only assume that its duration
is constant and equals to TB.

In practice, TB depends on many factors, including the employed
algorithms, the sizes of the antenna arrays, and the time it takes to
assess a single configuration of beams. To account for these factors in
our numerical study, we model a sequential beam alignment (similar to
IEEE 802.11ad [17]) with the complexity ofTB = (N 2

A +N 2
U)δ, where

δ, termed further as a beam steering delay, is the time duration it takes
the THz node to scan one direction plus the time to change the direction
of the THz beam. One can use different formulas for TB to model other
beam alignment procedures.

Two schemes are analyzed in our study (see Fig. 1):
� Scheme 1. On-demand alignment. Beam alignment procedure

runs every time the THz-UE micro-mobility results in an outage.
This scheme reflects the design of WLANs.

� Scheme 2. Periodic alignment. Beam realignment procedure runs
periodically with a period TU + TB. This scheme reflects the
cellular-style systems with centralized control.

In the following section, we present our mathematical framework
to analyze and compare the characteristics of these schemes in the
presence of THz-UE micro-mobility. For simplicity, we assume that
the detection of outage (beam misalignment) is instantaneous. However,
the framework can be further extended to account for non-zero time to
detect an outage by introducing an additional component in TB.

III. THE PROPOSED APPROACH

In this section, we detail our mathematical framework to analyze
and compare the characteristics of Scheme 1 and Scheme 2 in the
presence of THz-UE micro-mobility. We first derive the probability
density function (pdf) for the amount of time for micro-mobility to
cause beam misalignment in Section III-A. Later, in Section III-B, we
apply the obtained pdf to evaluate the performance of the THz link.

A. Beam Misalignment Due to Micro-Mobility

1) Micro-Mobility Components: Assume that at the time t = 0
THz-AP and THz-UE beams are perfectly aligned. To represent each
mobility component, φ(t), θ(t), x(t) y(t), we use the limiting behavior
of the random walk – a Brownian motion process described by the
following equation [18]

∂c(x, t)

∂t
−D

∂2c(x, t)

∂x
= 0, t > 0, (2)

where the “concentration” c(x, t) is interpreted as the probability of
having a diffusing point at coordinate x at time t, D = (Δx)2/2Δt
is the diffusion coefficient, Δx is the displacement corresponding to
time increment Δt. Note that mobility processes are associated with
diffusion coefficients Dφ, Dθ , Dx, Dy . Considering second as a unit
time, we define Dx = (Δx)2/2, where Δx is the displacement per
second. The same applies for the rest of the processes.

2) Micro-Mobilityx(t) and y(t): We first characterize the effect
of micro-mobility induced byx(t) and y(t). AsNA � NU, the THz-AP
beam is narrower than the one from THz-UE. So, the misalignment
will happen when either x(t) or y(t) leaves the THz-AP beam with the
geometrical boundaries [−MXY,+MXY]whereMXY = d tan(α/2) =
d tan( 102π

360NA
) [16].

Consider first x(t). The pdf of the first passage time (FPT) to the
symmetric boundaries ±MXY is given by [18]

fX(t) =
∞∑

n=−∞

MXY[4n+ 1]
[
exp

(
− M2

XY
4Dxt

)](4n+1)2

√
πDxt3

, t > 0. (3)

Integrating (3), the cumulative distribution function (cdf) is

FX(t) =
∞∑

n=−∞

(4n+ 1)

[
erf

(
MXY

√
8n2+4n+1

Dxt√
2

)
− 1

]

√
4n2 + 2n+ 1/2

, (4)

where erf(·) is the error function.
Similarly to (3) we define pdf of the FPT for y(t), fY (t). Now, the

time it takes for a connection to be lost due to either x(t) or y(t) is the
minimum of the considered two random variables (RV). Hence, the pdf
of this minimum, fTX,Y

(t), is

fTX,Y
(t) = fX(t)[1 − FY (t)] + fY (t)[1 − FX(t)]. (5)

3) Micro-Mobility φ(t) and θ(t): We now include angular mo-
bility in our analysis. The misalignment caused by rotations happens
when THz-AP appears outside of the turning THz-UE beam. In general,
the particular angle that THz-UE has to turn over φ and θ to cause
misalignment depends on the current location of the THz-UE, x(t) and
y(t). At the same time, for any current Δx and Δy, the bounding angle
Mφθ is Mφθ ∈ [β2 − α

2 ,
β
2 + α

2 ], α = 102π
180NA

, β = 102π
180NU

(see Fig. 1).

As NA � NU, the first term dominates, and the range is rela-
tively small. For clarity, we use an upper bound on Mφθ , Mφθ =
102π
360 (1/NU + 1/NA), so when either φ(t) or θ(t) reaches ±Mφθ , the

alignment is lost. We can, finally, characterize the FPT pdfs for φ(t)
and θ(t) – fΦ(t) and fΘ(t) – using (3), while fTΦ,Θ

(t) is obtained as
a minimum of these two RVs.

4) Aggregated Micro-Mobility: Let us define TA as an RV rep-
resenting the FPT for reaching any of the boundary conditions ±MXY

or ±MΦΘ. Now, we characterize fTA(t) – the pdf of this FPT – as the
minimum of two RVs, i.e.,

fTA(t) = fTX,Y
(t)[1 − FTΦ,Θ

(t)] + fTΦ,Θ
(t)[1 − FTX,Y

(t)]. (6)
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While the sought pdf can be precisely calculated, the resulting
equation involves quadruple infinite sums over n resulting in high
computational complexity. At the same time, despite the fact that the pdf
fX(t) has a complex expression, the mean and variance of the FPT are
finite and equal to M 2

XY/2Dx and M 4
XY/6D2

x, respectively [19]. There-
fore, recalling that the FPT to ±MXY with individual micro-mobility
component can be well approximated with Lognormal distribution
featured by the same first moments [19], [20]1, with the use of (5)
we have

fTX,Y
(t) =

1

2
√

2πσyσxt

[
σxe

− (μx−log(t))2

2σ2
y

×
[

erf

(
μx − log(t)√

2σx

)
+ 1

]

+ σye
− (μx−log(t))2

2σ2
x

[
erf

(
μx − log(t)√

2σy

)
+ 1

]]
, t > 0,

(7)

where μx = log( 2MXY
Δx

)− 1
2 log(

5
3 ), μy = log( 2MXY

Δy
)− 1

2 log(
5
3 ),

σx = σy =
√

log(5/3), and also μφ = log( 2MXY
Δφ

)− 1
2 log(

5
3 ),

μθ = log( 2MXY
Δθ

)− 1
2 log(

5
3 ), σφ = σθ =

√
log(5/3).

Now, to determine the PFT for the aggregated mobility we apply (6)
to arrive at (8) shown at the bottom of this page, where erfc(·) is the
complementary error function, while cdfs FTX,Y

(t) and FTΦ,Θ
(t) are

obtained by integrating the corresponding pdfs.

B. THz Link Metrics With Micro-Mobility

Once the random time the aggregated micro-mobility of THz-UE
leads to beam misalignment, TA, is characterized, we proceed with
deriving the THz link metrics of interest. We particularly obtain: (i) the
fraction of time THz-UE is in outage, including the time spent for the
beam realignment; (ii) the mean spectral efficiency (SE) and capacity
of the THz link; and (iii) the mean time to the first beam misalignment
caused by the micro-mobility of THz-UE.

1) Scheme 1: Consider first the scheme, where the beam alignment
procedure is only invoked when THz-UE gets to an outage condition.
The fraction of link outage time is pO,1 = TB/(TA + TB), where TB

is the duration of the beam alignment procedure. Using law of the

1To check the proposed approximation, we have utilized the original dis-
tribution specified in (3) and the approximating Lognormal distribution to
generate samples of equal size and then performed statistical chi-square test.
The hypothesis H0 was that both samples belong to the same distribution
against an alternative hypothesis, H1, that the distributions differ. With the
level of significance set to α = 0.05 the test shows that for the ranges of input
parameters considered in the paper samples drawn from original distribution
and the approximating one belong to the same distribution.

unconscious statistician we have

pO,1 =

∫ ∞

0

TB

t+ TB
fTA(t)dt. (9)

To obtain mean spectral efficiency (SE) and capacity of the THz link,
E[L1] and E[C1]

2, we recall that both are zero for pO,1 and determined
by SU from (1) for the rest of the time as

Lmax = log2(1 + SU ), Cmax = B log2(1 + SU ), (9)

where Lmax and Cmax represent the SE and link capacity, respectively,
when the beams are aligned.

The mean SE and capacity with Scheme 1 thus are

E[L1] = (1 − pO,1)Lmax, E[C1] = (1 − pO,1)Cmax. (11)

Finally, the mean time to the first beam misalignment is

E[T1] =

∫ ∞

0
fTA(t)dt. (12)

2) Scheme 2: We now study the second scheme, where beam align-
ment is invoked after a fixed intervalTU. Here,TO,2 – the outage duration
in a period TU + TB – depends on whether the time to misalignment is
greater or smaller than TU:

TO,2 =

⎧
⎪⎪⎨

⎪⎪⎩

TB

TU + TB
, TA ≥ TU,

TU + TB − TA

TU + TB
, TA < TU.

(13)

The probability Pr{TA < TU} is directly obtained as

Pr{TA < TU} =

∫ TU

0
fTA(t)dt = FTA(TU). (14)

The conditional pdf of the time to misalignment provided that it is
less than TU is fTA(t)/FTA(TU). Now, the fraction of time in outage,
pO,2, can be obtained by weighting the means of two fractions in (13)
as

pO,2 =
TB[1 − FTA(TU)]

TU + TB
+

∫ TU

0

TU + TB − t

TU + TB
fTA(t)dt. (15)

The SE and capacity of the THz link with Scheme 2 are

E[L2] = (1 − pO,2)Lmax, E[C2] = (1 − pO,2)Cmax, (16)

where Lmax and Cmax are given in (10).
In contrast to Scheme 1 , the mean time to the first beam misalign-

ment,E[T2] in this case can be longer thanTA. Observing thatT2 consist
of several consecutive intervals of duration TU + TB plus a fraction of
the last interval where the actual misalignment will happen, we arrive
at

E[T2] =
1 − FTA(TU)

FTA(TU)
(TU + TB) +

1
FTA

∫ TU

0
tfTA(t)dt. (17)

2E[X] stands for the mean value of X.

fTA(t) =

e
− (log(t)−μx)2

2σ2
x

σx

[
2 − erfc

(
μy−log(t)√

2σy

)]
+ e

− (log(t)−μy)2

2σ2
y

σy

[
2 − erfc

(
μx−log(t)√

2σx

)]

2
√

2πt
[
1 − 1

2 erfc
(

μφ−log(t)√
2σφ

)
+ 1

2 erfc
(

μθ−log(t)√
2σθ

)]−1

+

e

−
(log(t)−μφ)2

2σ2
φ

σφ

[
2 − erfc

(
μθ−log(t)√

2σθ

)]
+ e

− (log(t)−μθ)2

2σ2
θ

σθ

[
2 − erfc

(
μφ−log(t)√

2σφ

)]

2
√

2πt
[
1 − 1

2 erfc
(

μx−log(t)√
2σx

)
+ 1

2 erfc
(

μy−log(t)√
2σy

)]−1 (8)
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Fig. 2. Adjustment of TU, NU, and NA for the considered levels of THz-UE micro-mobility. (a) Outage vs. TU for Scheme 2. (b) Mean SE vs. NU for both
schemes. (c) Mean SE vs. NA for both schemes.

IV. NUMERICAL RESULTS

In this section, our derived results are numerically elaborated. Fol-
lowing the recent IEEE standard for wireless communications over
low-THz band [21], we assume f = 0.3 THz, B = 50 GHz, and
PA = 20 dBm. The THz beam steering delay, δ, is set to 5 mcs. To better
contrast the impact of Cartesian and angular micro-mobility, we assume
Δx = Δy andΔφ = Δθ. For illustrative purposes, we also take certain
representative values for Δx and Δφ from the measurement campaign
reported in [7]. Specifically, Δx = 0.1 m and Δφ = 4◦ is typical
for playing a dynamic game on a smartphone, while Δx = 0.01 m;
Δφ = 3◦ correspond to the video watching scenario.

A. The Effect of the Beam Realignment Period, TU

We start with Fig. 2(a) presenting the fraction of time in outage versus
TU for Scheme 2. Here, we observe that too low value ofTU results in the
system spending most of its time performing beam realignment, while
too rare updates (TU > 1 s) also lead to degraded performance. There is
an “optimal” TU for each of the configurations and its typical value lies
within ≈ 200–300 ms and decreases with the level of micro-mobility.

B. The Effect of the Antenna Array Size at THz-UE, NU

We now proceed with Fig. 2(b) illustrating the impact of NU on the
SE of the THz link when NA = 100 and Δx = 0.1 m. For Scheme
2, the “optimal” values of TU derived from Fig. 2(a) are employed.
In this figure, we notice that even relatively low levels of angular
micro-mobility, Δφ = 3◦, lead to up to 70% reduction in SE versus
the theoretical limit for NU = 50.

One may also identify an optimization problem since greater NU

improves the SE during the actual data transmission, but simultaneously
challenges the beam alignment. Particularly, Scheme 1 achieves the
highest performance with NU = 21 for Δφ = 3◦ and with NU = 15
for Δφ = 4◦. The greater level of angular mobility makes the lower
NU preferable and decreases the maximum SE: 15.4 bit/s/Hz vs.
14.4 bit/s/Hz. Similar trends are observed for Scheme 2. We finally
notice that Scheme 1 slightly outperforms Scheme 2 maintaining a
maximum SE of approximately 1 bit/s/Hz higher.

C. The Effect of the Antenna Array Size at THz-AP, NA

We continue our investigations with Fig. 2(c) presenting the mean
SE as a function of NA. Similar observations to those from Fig. 2(b) are
made. We also notice that the chosen NU affects the “optimal” value
of NA (and vice versa). Particularly, for Scheme 2, SE maximizes at
NA = 190 with NU = 5 and atNA = 100 with NU = 10. Therefore, in

order to maximize the SE NA and NU have to be optimized jointly for
every set of micro-mobility characteristics. The figure also illustrates
that ultra-massive antenna arrays (NA ≈ 1024, as in [4]) are currently
irrelevant for mobile systems as they invoke both low active time, TA,
and high overheads on TB.

D. The Effect of Angular Micro-Mobility, Δφ

Fig. 3(a) illustrates the fraction of time in outage (left axis) and the
mean time to the first misalignment (right axis) as functions of Δφ.
NA is set to 100 and NU – to 20. We start with the fraction of time in
outage. For both schemes, there is a regime,Δφ < 3◦, where the curves
are flat as with low Δφ the system performance is mainly limited by
the cartesian micro-mobility, so the minor changes in Δφ do not have
any notable impact.

In contrast, when Δφ > 10◦, the impact of angular mobility dom-
inates. Consequently, the curves for Δx = 0.1 m and Δx = 0.01 m
are similar for both schemes. We also note that Scheme 1 outperforms
Scheme 2 in terms of the fraction of time in outage. The opposite trend
is observed for the right axis, where E[T2] > E[T1] for all the values
of Δφ. The gain is the most visible for Δφ < 4◦.

E. The Effect of Cartesian Mobility, Δx

We continue studying the implications of micro-mobility on THz link
with Fig. 3(b) presenting the mean link capacity as a function of Δx
when NA = 100 and NU = 20. Here, for d = 10 m we observe similar
effect as in Fig. 3(a): the small values of Δx (e.g., Δx < 0.1 m) do not
have immediate implications on the metric, as the system is primarily
limited by a relatively high Δφ = 6◦.

At the same time, for d = 1 m this effect is no longer present as the
beam generated by THz-AP at 1 m distance is less than 2 cm wide. Con-
sequently, even very small drifts caused by cartesian micro-mobility
lead to immediate degradation in capacity (e.g., from 850 Gbit/s at
Δx = 0.02 m to 50 Gbit/s at Δx = 0.1 m for Scheme 1). So, it is
especially important to account for cartesian micro-mobility at short
distances.

We, finally, bring the attention to comparing Scheme 2 when TU =
0.2 with Scheme 2 whenTU is numerically optimized for each of theΔx
values following the approach from Fig. 2(a). We observe the second
system notably outperforming the first one for the entire range of Δx
and for both considered separation distances, d. With this comparison,
we emphasize the importance of accounting for micro-mobility in
THz communications and optimizing the system parameters for an
envisioned pattern of micro-mobility, whenever feasible.
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Fig. 3. The impact of THz-UE micro-mobility on the outage- and capacity-centric characteristics. (a) Outage vs. Δφ for both schemes. (b) Mean capacity vs.
Δx for both schemes. (c) Mean capacity vs d for both schemes.

F. The Effect of Beam Realignment Time, TB

We continue our discussion on the necessity of system optimization
accounting for the micro-mobility pattern with Fig. 3(c). This figure
demonstrates the maximum achievable capacity of a THz link when
all the flexible parameters – NA, NU, and TU – are jointly optimized
following the effects in Fig. 2.

Two major observations are made from this figure. First, the curves
for TB = 50 ms are ≈ 350 Gbit/s lower that the ones for TB = 5 ms.
So, the design of reliable and efficient procedure for beam realignment
is of crucial importance for mobile THz communications. Secondly,
there is a 0.6–1.1 Tbit/s difference between the theoretical curve and
those for practical TB = 50 ms (corresponds to NA = 100, NU = 20,
and δ = 5 ms). Thus, it is important to account for micro-mobility in
performance evaluation of mobile THz systems. Ignoring this factor
results in severe overestimation of the achievable data rates.

Finally, we compare the performance of Schemes 1 and 2 with
TB = 50 ms and optimized NA, NU when TB = 50 ms, NA = 100,
and NU = 20. As seen from Fig. 3(c), the former one provides up
to half of a Tbit/s greater capacity. The gain is especially visible at
d < 2 m, where cartesian micro-mobility results in worse SE for smaller
distances despite the lower pathloss. The latter observation confirms the
need to account for THz-UE micro-mobility not only in performance
studies, but also in the design of the transceivers for prospective THz
mobile communications.

V. CONCLUSION

In this paper, we proposed a mathematical framework to estimate the
performance of THz communications in the presence of both Cartesian
and angular micro-mobility of the THz-UE. Our study revealed that: (i)
the micro-mobility of THz-UE may decrease the capacity of the THz
link by hundreds of Gbit/s; (ii) the Cartesian micro-mobility is more
harmful at shorter distances, when d is around few meters, while the
impact of angular one is more visible at longer ones; (iii) on-demand
beam alignment procedure leads to 10–15% higher spectral efficiency
than periodic beam alignment. The framework can be tuned for other
micro-mobility patterns (autonomous driving, UAV networks, etc.) by
replacing fTA(t) in (8) without any modifications in the further anal-
ysis. It can also be further extended to analyze the enhanced beam
management procedures, e.g., those reported in [14], [15]. We plan to
rely on this framework in the future when developing our end-to-end
THz communication system with micro-mobility.

There are several important practical outcomes of our study. First of
all, it is shown that the periodic beam realignment procedure (Scheme

2) must be performed every 100 ms–300 ms depending on the system
parameters to maximize the link capacity. It is also revealed that opti-
mizing TU using our framework allows for up to 200% lower fraction
of time in an outage. Secondly, it is illustrated that a too high number of
antenna elements on either THz-AP or THz-UE decreases the link per-
formance. In contrast, when one selects the number of antenna elements
using the contributed framework, it becomes possible to improve the
capacity of the THz link by as high as 500 Gbit/s. Finally, the framework
also enables determining the specific numerical requirements for the
beam realignment time and THz beam steering delay, thus providing
the necessary insights for the design of the prospective hardware for
future mobile THz systems.

REFERENCES

[1] A. V. Lopez, A. Chervyakov, G. Chance, S. Verma, and Y. Tang, “Opportu-
nities and challenges of mmWave NR,” IEEE Wireless Commun., vol. 26,
no. 2, pp. 4–6, Apr. 2019.

[2] I. F. Akyildiz, J. M. Jornet, and C. Han, “Terahertz band: Next frontier for
wireless communications,” Phys. Comm., vol. 12, pp. 16–32, 2014.

[3] M. Giordani, M. Polese, M. Mezzavilla, S. Rangan, and M. Zorzi, “To-
wards 6G networks: Use cases and technologies,” vol. 58, no. 3, pp. 55–61,
Mar. 2020.

[4] I. F. Akyildiz and J. M. Jornet, “Realizing ultra-massive MIMO (1024×
1024) communication in the (0.06–10) terahertz band,” Nano Commun.
Net., vol. 8, pp. 46–54, Jun. 2016.

[5] J. M. Jornet and I. F. Akyildiz, “Channel modeling and capacity
analysis for electromagnetic wireless nanonetworks in the terahertz
band,” IEEE Trans. Wireless Commun., vol. 10, no. 10, pp. 3211–3221,
Oct. 2011.

[6] S. Hur, T. Kim, D. J. Love, J. V. Krogmeier, T. A. Thomas, and A. Ghosh,
“Millimeter wave beamforming for wireless backhaul and access in small
cell networks,” IEEE Trans. Commun., vol. 61, no. 10, pp. 4391–4403,
Oct. 2013.

[7] V. Petrov, D. Moltchanov, Y. Koucheryavy, and J. Miquel Jornet, “The
effect of small-scale mobility on terahertz band communications,” in Proc.
ACM Int. Conf. Nanoscale Comput. Commun., Sep. 2018, pp. 1–2.

[8] B. Peng and T. Kurner, “Three-dimensional angle of arrival estimation in
dynamic indoor terahertz channels using a forward-backward algorithm,”
IEEE Trans. Vehic. Tech., vol. 66, no. 5, pp. 3798–3811, May 2017.

[9] S. Priebe, M. Jacob, and T. Kurner, “The impact of antenna directivities on
THz indoor channel characteristics,” in Proc. Eur. Conf. Antennas Propag.,
Mar. 2012, pp. 478–482.

[10] S. Priebe, M. Jacob, and T. Kurner, “Affection of thz indoor communication
links by antenna misalignment,” in Proc. Eur. Conf. Antennas Propag.,
Mar. 2012, pp. 483–487.

[11] J. Wildman, P. H. J. Nardelli, M. Latva-aho, and S. Weber, “On the joint
impact of beamwidth and orientation error on throughput in directional
wireless poisson networks,” IEEE Trans. Wireless Commun., vol. 13,
no. 12, pp. 7072–7085, Dec. 2014.

Authorized licensed use limited to: Northeastern University. Downloaded on July 09,2020 at 16:46:38 UTC from IEEE Xplore.  Restrictions apply. 



IEEE TRANSACTIONS ON VEHICULAR TECHNOLOGY, VOL. 69, NO. 6, JUNE 2020 6827

[12] A. Thornburg and R. W. Heath, “Capacity in mmWave ad hoc network with
imperfect beam alignment,” in Proc. IEEE Mil. Commun. Conf., Oct. 2015,
pp. 1479–1484.

[13] R. Singh and D. C. Sicker, “Parameter modeling for small-scale mobility
in indoor THz communication,” in Proc. IEEE Global Commun. Conf.,
2019, pp. 1–6.

[14] A. Zhou, L. Wu, S. Xu, H. Ma, T. Wei, and X. Zhang, “Following the
shadow: Agile 3-D beam-steering for 60 GHz wireless networks,” in Proc.
IEEE Conf. Comput. Commun., Apr. 2018, pp. 2375–2383.

[15] M. K. Haider and E. W. Knightly, “Mobility resilience and overhead
constrained adaptation in directional 60 GHz WLANs: Protocol design and
system implementation,” in Proc. ACM MobiHoc, Jul. 2016, pp. 61–70.

[16] C. A. Balanis, Antenna Theory: Analysis and Design. Hoboken, NJ, USA:
Wiley, 2016.

[17] IEEE Standard for Information Technology–Enhancements for Very High
Throughput in the 60 GHz Band, IEEE 802.11ad–2012, Oct. 2012.

[18] S. Redner, A Guide to First-Passage Processes. Cambridge, U.K.: Cam-
bridge Press, 2001.

[19] Y. Sherif and M. Smith, “First-passage time distribution of brownian mo-
tion as a reliability model,” IEEE Trans. Rel., vol. R-29, no. 5, pp. 425–426,
Dec. 1980.

[20] G. Margolin and B. Berkowitz, “Continuous time random walks revis-
ited: First passage time and spatial distributions,” Physica A: Statistical
Mechanics Appl., vol. 334, pp. 46–66, Mar. 2004.

[21] IEEE Standard for High Data Rate Wireless Multi-Media Networks
Amendment 2: 100 Gb/s Wireless Switched Point-to-Point Physical Layer,
IEEE 802.15.3d–2017, Oct. 2017.

Authorized licensed use limited to: Northeastern University. Downloaded on July 09,2020 at 16:46:38 UTC from IEEE Xplore.  Restrictions apply. 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


