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Performance Analysis and Optimal Design of

HARQ-IR-Aided Terahertz Communications
Ziyang Song, Zheng Shi, Jiaji Su, Qingping Dou, Guanghua Yang, Haichuan Ding, and Shaodan Ma

Abstract—Terahertz (THz) communications are envisioned to
be a promising technology for 6G thanks to its broad band-
width. However, the large path loss, antenna misalignment,
and atmospheric influence of THz communications severely
deteriorate its reliability. To address this, hybrid automatic
repeat request (HARQ) is recognized as an effective technique
to ensure reliable THz communications. This paper delves into
the performance analysis of HARQ with incremental redundancy
(HARQ-IR)-aided THz communications in the presence/absence
of blockage. More specifically, the analytical expression of the
outage probability of HARQ-IR-aided THz communications is
derived, with which the asymptotic outage analysis is enabled
to gain meaningful insights, including diversity order, power
allocation gain, modulation and coding gain, etc. Then the
long term average throughput (LTAT) is expressed in terms
of the outage probability based on renewal theory. Moreover,
to combat the blockage effects, a multi-hop HARQ-IR-aided
THz communication scheme is proposed and its performance
is examined. To demonstrate the superiority of the proposed
scheme, the other two HARQ-aided schemes, i.e., Type-I HARQ
and HARQ with chase combining (HARQ-CC), are used for
benchmarking in the simulations. In addition, a deep neural
network (DNN) based outage evaluation framework with low
computational complexity is devised to reap the benefits of using
both asymptotic and simulation results in low and high outage
regimes, respectively. This novel outage evaluation framework is
finally employed for the optimal rate selection, which outperforms
the asymptotic based optimization.

Index Terms—Blockage, hybrid automatic repeat request
(HARQ), outage probability, terahertz (THz) communications.

I. INTRODUCTION

TO meet the unprecedented increase of wireless devices

and data traffic, there is an urgent need to boost the

transmission rate. To accommodate the ever-growing demand,

terahertz (THz) communications have emerged as a poten-

tial technique to support the peak data rate of more than

1 Tbps [1]–[3]. Different from the conventional low-frequency

channel propagation characteristics, THz communications are

susceptible to atmospheric turbulence, pointing errors, rain

attenuation, etc. [4]–[12]. As uncovered by [13], [14], these
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factors are harmful to the reception reliability of THz com-

munications. To remedy this issue, it is important to come

up with some methods for the reliability assurance of THz

communications.

Recently, some efforts have been devoted to realize the

reliable THz communications. More specifically, the recon-

figurable intelligent surface (RIS) was proposed in [7] to

assist THz communications, where the RIS steers the reflected

electromagnetic wave to the desired direction by adjusting the

phase of the incident signal. In [15], the connectivity analysis

of RIS-assisted THz systems was carried out, and the results

revealed that a minimum transmission power is required to

guarantee 100% coverage probability. The end-to-end SNR

performance of THz communications over cascaded RISs

was analyzed in [16]. A stochastic approach was developed

in [17] to corroborate that the α-µ distribution fits to the

channel characterization of RIS-Aided THz communications.

This then enabled the outage analysis, with which RIS-

aided scheme was proved to be much more reliable than

direct THz communications especially for a massive number

of reflectors at the RIS. In [18], the relaying scheme with

decode-and-forward (DF) mode was adopted to expand the

coverage of THz communications in difficult-to-access terrain.

In addition, as an important reliable transmission technique,

hybrid automatic repeat request (HARQ) has been widely

used in various communication systems. Thereupon, Type-I

HARQ was employed to provide reliable THz communications

in [19], wherein its performance of bit error rate (BER)

was studied through system-level simulations. To quantify the

benefit of using HARQ, the outage performance of Type-I

HARQ-aided and HARQ with chase combining (HARQ-CC)-

aided THz communications was analyzed in [20] from the

information-theoretical perspective. Moreover, since HARQ

with incremental redundancy (HARQ-IR) is superior to Type-

I HARQ and HARQ-CC schemes due to its high coding

complexity, it is necessary to scrutinize the performance of

HARQ-IR-aided THz communications so as to substantially

exploit the merits of HARQ. Thus, it motivates us to extend

the analytical results in [20] to the scenario of HARQ-IR-aided

THz communications.

Nevertheless, unlike low frequency band, THz links are sus-

ceptible to be blocked by surrounding obstacles, thus yielding

frequent communication interruptions. Clearly, the unfavorable

impact of the blockage on THz communications cannot be

disregarded. In [21], to capture the obstruction of walls and

human bodies, etc., the coverage probability was studied by

using the stochastic geometry. The analytical results revealed

the detrimental impact of the node density, transmission dis-
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tance, and atmosphere upon the coverage probability. Recently,

some prior works have tried to solve this dilemma. In [22],

massive multiple-input multiple-output (MIMO) aided THz

communications were proposed for the blockage mitigation

and a network sum-rate based optimization scheme was de-

vised by considering only statistical channel state information

(CSI). Moreover, in order to substantially overcome blockage

impairment, one basic idea is altering the communication

links so as to circumvent harsh propagation environment,

which can be realized by combining relaying, reconfigurable

intelligent surfaces (RIS), unmanned aerial vehicles (UAVs),

etc. [23]–[26]. More specifically, in [23], several relaying

schemes were developed to address the blockage issue in THz

communications, in which the performance gain from using

relaying was rigorously evaluated. In [24], RIS was employed

to aid THz communications and it is uncovered that the THz

communications performance can be significantly enhanced

by increasing the number of RIS’s elements. Besides, a

block coordinate searching algorithm was developed to jointly

optimize the coordinates and phase shifts of RIS for THz

communications in [25]. Some other latest works [27], [28]

also verified that integrating RIS into THz systems not only

avoids the effect of blockage but also expands the coverage

area. Moreover, in [26], the UAV was deployed to assist THz

communications and the total transmission delay between the

UAV and the ground user was minimized through optimizing

the location, bandwidth and power, which can be solved with

alternating algorithm. Unfortunately, most of prior optimiza-

tion methodologies for designing THz communication systems

have a prohibitively high computational complexity because of

the complex fading characteristics of THz communications.

Motivated by the above issues, this paper thoroughly in-

vestigates the performance of HARQ-IR-aided THz commu-

nications in the presence/absence of blockage, with which the

optimal system design is enabled. The major contributions of

this paper are summarized as follows.

1) By considering α-µ fading channels and pointing errors,

the analytical outage and throughput expressions of

HARQ-IR-aided THz communications are derived. The

method of Abate and Whitt is then used to offer a highly

accurate approximation for the outage expression. With

the analytical results, the asymptotic outage analysis in

the high SNR regime is performed to extract meaningful

insights, include diversity order, power allocation gain,

modulation and coding gain, etc. Additionally, it is worth

noting that the outage analysis in this paper is more

challenging than [20] because of its complicated form

of the accumulated mutual information by comparing to

Type-I HARQ and HARQ-CC-aided schemes.

2) A multi-hop THz relaying scheme is proposed to mit-

igate the negative impact of blockage. To examine the

impact of the blockage, both the outage probability and

the long term average throughput (LTAT) of single-

hop/multi-hop HARQ-IR-aided THz communications

are obtained.

3) A novel deep neural network (DNN) based outage

evaluation framework with low computation complexity

is devised to reap the benefits of using both asymptotic

and simulation results in low and high outage regimes,

respectively. This outage evaluation framework is then

employed for the optimal rate selection. The numerical

results indicate that the proposed framework surpasses

the asymptotic based optimization in terms of the LTAT.

In summary, the major novelties of this paper consist of

providing an asymptotically analytical approach to capture the

physical insights of HARQ-IR-aided THz communications,

and developing a new DNN based outage evaluation frame-

work to realize efficient THz system configurations.

The rest of this paper is structured as follows. Section II

delineates the system model of HARQ-IR-aided THz commu-

nications. The outage probability and throughput of HARQ-

IR-aided THz communications without blockage are analyzed

in Section III. Section IV further extends the analytical results

to HARQ-IR-aided THz communications with blockage, in

which a multi-hop relaying scheme is proposed to circumvent

obstacles. In Section V, the simulation results validate our

analysis. Besides, a deep neural network based outage eval-

uation framework is developed to combine the advantages of

simulated and asymptotic results, with which the optimal rate

selection is enabled. Finally, Section VI concludes this paper.

II. SYSTEM MODEL

A. HARQ-IR-aided THz Communications

As opposed to [20] that two simple HARQ schemes (i.e.,

Type-I HARQ and HARQ-CC) are considered to assist THz

communications, we employ the HARQ-IR scheme to further

enhance the reliability. According to the HARQ-IR mecha-

nism, each original information message contained b informa-

tion bits is first encoded to a long codeword, which is then

chopped into K sub-codewords with equal length ℓ. Hence,

a maximum of K transmissions is allowable for delivering

each message. The K sub-codewords will be sent one by one

till the successful decoding of the message. Moreover, at the

receiver’s side, all the incorrectly received sub-codewords are

stored in buffer for the subsequent combination with the next

received sub-codeword. Based on the success/failure of the

reception of the message, a positive/negative acknowledge-

ment (ACK) message will be fed back to the transmitter.

At the transmitter, once either the ACK message is received

or the maximum number of transmissions is reached, the

transmission for the next message is initiated.

By assuming blocking fading channels, the received signal

yk at the k-th HARQ round reads as

yk =
√
Pkhksk +wk, 1 ≤ k ≤ K, (1)

where Pk, hk, and sk represent the transmit power, the THz

channel coefficient, and the signal vector in the k-th HARQ

round, respectively, wk is the complex additive white Gaussian

noise (AWGN) with variance N0.

B. α-µ Fading Channels

A variety of experimental measurements have verified that

the α-µ fading channel model fits well with the statistical
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characteristic of THz wave propagations. More specifically,

the α-µ fading channel model consists of three components,

including the molecular absorption loss [5], [6], pointing error

[7]–[9], and multipath fading [10], [11]. In the meantime,

by considering the versatility of α-µ fading channels that

encompass Rayleigh, Nakagami-m, Weibull, etc., as special

cases, we employ α-µ fading for the channel modeling of

THz communications in this paper. To account for both large-

scale and small-scale fadings, the channel coefficient hk is

modeled as hk = hlhpf,k according to [29], where hl stands

for the deterministic THz path gain and hpf,k characterizes the

combing effect of pointing errors and multipath fading. More

precisely, hl is given by

hl =
c
√
GtGr

4πfd
exp

(
−1

2
κ(f, T, ψ, p)d

)
, (2)

where Gt and Gr denote the orientation dependent transmit

and receive antenna gains, respectively [30], and higher an-

tenna directivities are frequently needed in THz communica-

tions [8]; c, f , and d denote the speed of light in free space, the

carrier frequency, and the transmission distance, respectively;

κ(f, T, ψ, p) is the molecular absorption coefficient that is

related to the temperature T , the relative humidity ψ and

the atmospheric pressure p. κ(f, T, ψ, p) can be calculated

by using [29, eq. (4)], which is omitted here to save space.

For mathematical tractability, the maximum antenna gains

Gt and Gr are assumed and the antenna misalignment is

captured by the pointing error. The pointing error is possibly

affected by various random factors, such as wind loads,

thermal expansions, etc. [31], which can be characterized by

a compound distribution of Gaussian and Rayleigh [29], [31].

By combining the effects of pointing error and multipath

fading, as derived in [29], the probability density function

(PDF) of hpf,k is given by

f|hpf,k|(x) =
φµ

φ
αxφ−1

Sφ
0 ĥ

φ
fΓ(µ)

Γ

(
αµ− φ

α
,
µxα

Sα
0 ĥ

α
f

)
, (3)

where Γ (a, x) denotes the upper incomplete Gamma function,

α and µ are fading parameters that provide flexibility to model

various channel conditions, ĥf denotes the α-root mean value

of the fading channel envelope. S0 = |erf(ζ)|2 is the fraction

of the collected power if both the transmit and receive antennas

are fully aligned, where ζ =
√
πr/

(√
2wd0

)
, r and wd0

denote the radius of the receive antenna effective area and

the transmission beam footprint radius at a reference distance

d0, respectively. φ = w2
e/4σ

2
s denotes the ratio of normalized

beam-width to the jitter, where we and σs are the equivalent

beam width radius and the doubled spatial jitter standard devi-

ation, respectively, and w2
e =

√
πw2

d0
erf (ζ)/

(
2ζ exp

(
−ζ2

))
.

C. Blockage Modeling

To capture the blockage effects of different obstacles, var-

ious blockage models have been proposed for THz com-

munications [21], [23], [32]–[37]. In general, the blockage

model can be further classified into two categories from the

spatial dimensional perspective, i.e., two-dimensional (2D) and

three-dimensional (3D) blockage models. In particular, 2D

blockage models were proposed in [21], [23] by overlooking

the heights of the obstacles. Nevertheless, the 3D blockage

modeling is mostly considered for THz communications. For

example, a self-blocking model was constructed to account

for the blockage from the user itself in [32]. To characterize

the human blocking effect for THz communications, an indoor

human blockage model was proposed in [33]. For the outdoor

environment, the mobility of the human was taken into account

for blockage modeling in [37]. By considering the blockage

from both the wall and the human, hybrid blockage models

were built in [34], [35]. Moreover, the authors in [36] proposed

a UAV-oriented blockage model for drone communications.

As a representative common blockage model, the human

blockage model developed in [34] is employed in this paper,

wherein the mobility of people follows the random directional

model (RDM) and a human body can be modeled as a

cylinder with the height hb and the radius rb. The locations

of people are modeled according to a homogeneous Poisson

point process (HPPP) in the x− y plane with intensity of λb.

Besides, the heights of the BS’s and the receiver’s antennas

are assumed to be ha and hu, respectively.

For practicability, we assume that ha > hb > hu, the non-

blocking probability PN and the blocking probability PB can

be calculated as [34]

PN = 1− PB = e−βd, (4)

where β = 2λbrb(hb − hu)/(ha − hu).

III. HARQ-IR-AIDED THZ WITHOUT BLOCKAGE

In this section, a point-to-point HARQ-IR-aided THz com-

munication system without blockage is considered. From the

information-theoretical perspective [38], the equivalent accu-

mulated mutual information per symbol of HARQ-IR-aided

THz communications after K HARQ rounds is given by

IK =

K∑

k=1

log2(1 + ρk|hl|2|hpf,k|2). (5)

where ρk refers to the transmit signal-to-noise ratio (SNR)

in the k-th HARQ round, i.e. ρk = Pk/N0. In addition,

(5) entirely differs from the formulations of the accumulated

mutual information for the Type-I-aided and the HARQ-

CC-aided schemes in [20], where the accumulated mutual

information is expressed as a logarithm of the maximum or

the summation of multiple random variables.

To evaluate the transmission reliability of HARQ-IR-aided

THz communications, the outage probability is one of the

paramount performance metrics [39]. In particular, the outage

probability is defined as the probability of the event that

the accumulated mutual information is less than the initial

transmission rate R [40]. Accordingly, the outage probability

of HARQ-IR-aided scheme can be expressed as

pout,K= Pr {IK < R} , (6)

where R = b/ℓ. In what follows, the outage analysis will

be conducted and the asymptotic outage probability will be

derived to explore useful insights.
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A. Outage Analysis

By substituting (5) into (6) along with the logarithmic

property, (6) can be derived as

pout,K= Pr

{
log2

(
K∏

k=1

(1 + ρk|hl|2|hpf,k|2)
)
< R

}

= Pr

{
K∏

k=1

(
1 + ρk|hl|2|hpf,k|2

)
< 2R

}
. (7)

Accordingly, the derivation of (7) boils down to determining

the distribution of the product of multiple random variables.

To this end, the Mellin transform can be utilized to derive (7)

[41]. Moreover, (7) can be expressed as

pout,K =
1

2πi

∫ c1+i∞

c1−i∞

2−Rt

−t φ (t+ 1) dt, (8)

where c1 < 0, i =
√
−1, φ (t) is the Mellin transform of the

PDF of
∏K

k=1 (1 + ρk|hl|2|hpf,k|2), and φ (t) is obtained by

φ (t) =E





(
K∏

k=1

(1 + ρk|hl|2|hpf,k|2)
)t−1





=

K∏

k=1

φµ
φ
α

Sφ
0 ĥ

φ
fΓ(µ)

∫ ∞

0

(1 + ρk|hl|2x2k)
t−1

xφ−1
k

× Γ

(
αµ− φ

α
,
µxαk
Sα
0 ĥ

α
f

)
dxk, (9)

where E {·} is the expectation operator. By plugging (9) into

(8), it follows that

pout,K =
1

2πi

∫ c1+i∞

c1−i∞

2−Rt

−t
K∏

k=1

φµ
φ
α

Sφ
0 ĥ

φ
fΓ(µ)

×

∫ ∞

0

(1 + ρk|hl|2x2k)
t
xφ−1
k Γ

(
αµ− φ

α
,
µxαk
Sα
0 ĥ

α
f

)
dxkdt.

(10)

By using the tool of Mellin transform and the representation

of Fox’s H-function, the outage probability of HARQ-IR-aided

THz communications is derived in the following lemma.

Lemma 1. pout,K can be expressed in the form of the inverse

Laplace transform as (11), as shown at the top of the next

page.

Proof. Please see Appendix A.

Needless to say, it is intractable to derive a closed-form

expression for (11) that involves a product of multiple Fox’s

H-function. Hence, by using the method of Abate and Whitt,

(11) can be numerically computed with a high accuracy as

pout,K ≈
(

φ

2Γ(µ)

)K
2−Me

A
2

R ln 2

M∑

m=0

(
M
m

)

×




1

2
ℜ
{
F

(
A

R ln 4

)}

+

Q+m∑

n=1

(−1)nℜ
{
F

(
A+ 2nπi

R ln 4

)}


 , (12)

where M is the number of Euler summation terms and Q
is the truncation order. According to [42], there exists an

approximate error between (11) and (12), which is composed

of the discretization error and the truncation error. Herein, the

discretization error is bounded by |ε| 6 e−A/
(
1− e−A

)
. For

example, to ensure a discretization error up to 10−8, A is set

to A ≈ 18. Furthermore, the truncation error is tunable by

choosing appropriate M and Q. For instance, M = 11 and

Q = 15 are suggested in [43]. By comparing to the outage

evaluation through Monte Carlo simulations, (12) is more

effective when calculating a low outage probability owing

to its low complexity and high accuracy. Although (12) can

provide a high calculation accuracy for the outage probability,

it is almost impossible to extract useful insights from this

complex expression. In what follows, we turn to the asymptotic

outage analysis for meaningful insights.

B. Asymptotic Outage Analysis

The complex form of (11) impedes the extraction of useful

physical insights into the effect of fading parameters. This

motivates us to resort to the asymptotic outage analysis in

the high SNR regime. To ease the analysis, we assume that

ρ1/q1 = ρ2/q2 = · · · = ρM/qM = ρ̂ in the sequel, that

is, ρk = qkρ̂ for k ∈ [1,K], where qk denotes the power

allocation factor for the k-th HARQ round. Accordingly, the

asymptotic expression of (11) amounts to determining the

asymptotic expression of the Fox’s H-function in the high

SNR regime, i.e., ρ̂ → ∞. By capitalizing on the complex

analysis, the asymptotic expression of the outage probability

of HARQ-IR-aided THz communications is given by the

following theorem.

Theorem 1. In the high SNR regime, the outage probability

pout,K of HARQ-IR-aided THz communications is asymptotic

to

pout,K ≃ AL (P ) (C(R))−D
, pasyout,K (13)

where A is the impact factor that combines the effects from the

pointing error and fading channels together, and is expressed

as

A =





(
µ

φ
α Γ(µ− φ

α
)

|hl|
φĥφ

f
Sφ
0 Γ(µ)N

φ
2
0

)K

, µα− φ > 0

(
φµµ−1

(φ−µα)|hl|
µαĥµα

f
Sµα
0 Γ(µ)N

µα
2

0

)K

, µα− φ < 0

,

(14)

the term L (P) refers to the impact factor from the power

allocation, which is obtained as

L (P) =





(
K∏

k=1

Pk

)−φ
2

, µα− φ > 0

(
K∏

k=1

Pk

)−µα
2

, µα− φ < 0

, (15)

P = (P1, · · · , PK), C(R) = GK

(
2R
)−1/D

stands for the

modulation and coding gain, and GK

(
2R
)

is expressed as (16),

as shown at the top of this page. D denotes the diversity order
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pout,K =

(
φ

2Γ(µ)

)K
1

2πi

∫ −c1+i∞

−c1−i∞

1

t

K∏

k=1

H1,3
3,2

[(
ρk|hl|2

) 1
2

(
µ

ĥα
f
Sα

0

)− 1
α
∣∣∣∣
(1−t, 12 ),(1−µ, 1

α ),(1+φ,1)

(0, 12 ),(−φ,1)

]

Γ (t)
︸ ︷︷ ︸

F (t)

eRt ln 2dt (11)

GK

(
2R
)
=





(
Γ
(

φ
2 + 1

))K
G0,K

K,K

(
2R
∣∣∣∣
1+φ

2 ,1+φ
2 ,...,1+

φ
2

0,1,...,1

)
, µα− φ > 0

(
Γ
(
µα
2 + 1

))K
G0,K

K,K

(
2R
∣∣∣1+

µα
2 ,1+µα

2 ,...,1+µα
2

0,1,...,1

)
, µα− φ < 0

, (16)

and is given by

D =
Kmin{φ, αµ}

2
. (17)

Proof. Please see Appendix B.

To explore more insights, the above relevant terms are

carefully scrutinized one by one.

1) Impact Factor of Pointing Error and Fading Channels A:

The factor A comprises the impacts of the pointing error and

the fading channels. Clearly from (14), the value of the impact

factor A depends on the sign of µα− φ. More specifically,

if µα− φ > 0, the value of (14) is mainly affected by the

pointing error. Otherwise, the fading channels dominate the

value of the impact factor A.

2) Impact Factor of Power Allocation L (P): The impact

factor L (P) quantifies the effect of the power allocation

scheme upon the outage performance. Similarly, it is found

that the sign of µα− φ also determines the value of L (P).
Nonetheless, no matter whether µα− φ is less than or larger

than zero, the asymptotic outage probability is always an

inverse function of the product of the transmission powers in

all HARQ rounds. This special feature may facilitate the opti-

mal power allocation of HARQ-IR-aided THz communications

with some off-the-shelf optimization tools, such as geometric

programming.

3) Modulation and Coding Gain C(R): The modulation

and coding gain C(R) quantifies the amount of the SNR

that can be reduced by the modulation and coding scheme

(MCS) to achieve a certain outage target. Clearly from (16),

the explicit expression of C(R) depends on the sign of µα− φ.

Different from [44] that the fading channels dominate the

modulation and coding gain C(R), both the fading channels

and the pointing error affect C(R) for HARQ-IR aided THz

communications. Although C(R) = GK

(
2R
)−1/D

is a com-

plex function of the transmission rate R, it is proved in [44]

that GK

(
2R
)

is an increasing and convex function of R.

4) Diversity Order D: The diversity order is a fundamental

asymptotic reliability metric to characterize the degree of free-

dom for a communication system. More precisely, the diversity

order D is defined as the slope of the outage probability against

the transmit SNR on a log-log scale as [45]

D = − lim
ρ̂→∞

log pout,K
log ρ̂

. (18)

Clearly, the diversity order is linearly proportional to the

maximum number of transmissions, i.e, K . This means that

the full time diversity is achievable by the HARQ-IR-aided

scheme. Moreover, by comparing (17) to the results in [20], the

same diversity order can be attained as the Type-I HARQ and

the HARQ-CC-aided schemes. However, it is worth highlight-

ing that the HARQ-IR-aided scheme performs the best among

them owing to its highest coding and modulation gain C(R),
which will be verified in the simulation section. Furthermore,

the diversity order is also constrained by the severity of

both the pointing errors and α-µ fading. The asymptotic

performance metrics of three types of HARQ-aided THz

communication schemes are tabulated in Table I, as shown

at the top of the next page, wherein the asymptotic results

of Type-I HARQ and HARQ-CC-aided THz communications

can be found in [20].

C. Long Term Average Throughput

In this paper, the long term average throughput (LTAT) is

used to evaluate the throughput performance of the HARQ-IR-

aided THz communication systems. More specifically, LTAT is

defined as the ratio of the total number of successfully received

bits to the consumed time, that is, [46]

T̄ = lim
t→∞

bsuct

t
, (19)

where bsuct denotes the total number of successfully received

information bits till time t. By invoking the renewal reward

theory, the LTAT of HARQ-aided schemes can be obtained as

T̄ =
R (1− pout,K)

N̄ , (20)

where N̄ is the average number of transmissions and it is

given by

N̄ = 1 +
∑K−1

k=1
pout,k. (21)

IV. HARQ-IR-AIDED THZ WITH BLOCKAGE

Due to the ultra-high frequency of THz communications,

the THz communication link is easily blocked by surrounding

obstacles. In this section, the blockage effect is considered

into the performance analysis of HARQ-IR-aided THz com-

munications. Moreover, the relaying scheme is adopted to

assist the HARQ-IR-aided THz communications to avoid the

communication interruption caused by the blockage effect.
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TABLE I: The asymptotic performance metrics of HARQ-aided THz communication schemes.

HARQ-Aided Schemes

Metrics A L(P) C(R) D

Type-I HARQ

(14) (15)

1
2R−1

(17)HARQ-CC
(
Γ
(
D
K + 1

))−K/D
(Γ (D + 1))

1/D 1
2R−1

HARQ-IR GK

(
2R
)−1/D

Destination Relay Blockage

Base Station

Fig. 1: A multi-hop THz communication networks with block-

age

A. Outage Analysis

In what follows, we first consider a single-hop HARQ-IR-

aided THz communication system. Then multiple relays are

deployed to assist HARQ-IR-aided THz communications.

1) Single-Hop: In the single-hop HARQ-IR-aided THz

communication system, the outage event occurs in the fol-

lowing two cases. For the first one, the accumulated mutual

information is below the preset transmission rate if there is

no blocking. For the second one, the THz communication is

interrupted by the blockage. Therefore, by using the law of

total probability, the outage probability of single-hop HARQ-

IR-aided THz communication system after K HARQ rounds

is given by

p
(1)
out,K = PB + PNpout,K , (22)

where PB and PN denote the blocking and non-blocking

probability as given by (4).

2) Multi-Hop: In this subsection, a multi-hop relaying

scheme is proposed to overcome harsh propagation environ-

ments of THz communications, as shown in Fig. 1. In Fig.

1, we assume that the total number of hops is L and the

distance of the l-th hop is defined as dl, where 1 6 l 6
L. According to (4), the blocking effect in multi-hop THz

communications can be mitigated because of dl < d, where

d is the distance between the source and the destination.

Moreover, the maximum number of transmissions in the multi-

hop HARQ-IR-aided THz system is also assumed to be K .

The outage event of multi-hop relaying scheme takes place if

any hops fail to decode the message within a total number of

K transmissions. By considering the complementary event of

the outage, the outage probability of the multi-hop HARQ-IR-

aided THz communications can be obtained as

p
(L)
out,K = 1−

K∑

k=L

p
(L)
suc,k, (23)

where p
(L)
suc,k denotes the probability of the event that the

receiver successfully received the message at the k-th trans-

mission. It is noteworthy that the subscript k should start from

L. This is due to the fact that each hop needs at least one

transmission for the successful delivery of the message. To

simplify (23), we assume that the number of transmissions

for the successful reception at the k-th hop is denoted by κl.
Clearly, the sum of the numbers of transmissions at all hops

should not exceed the maximum number of transmissions,

i.e.
∑L

l=1 κl ≤ K , and κl ≥ 1. Moreover, the successful

decoding event of the multi-hop HARQ-IR-aided THz system

occurs if and only if the decoding of each hop is successful.

Accordingly, p
(L)
suc,k can be derived as

p
(L)
suc,k =

∑
∑

L
l=1 κl=k,κ1,··· ,κL≥1

L∏

l=1

P l
Np

l
suc,κl

, (24)

where plsuc,κl
represents the successful probability in the κl-th

HARQ round at the l-th hop in the absence of blockage and

P l
N denotes the non-blocking probability at the l-th hop. By

substituting (24) into (23), we have

p
(L)
out,K = 1−

∑

L≤
∑

L
l=1 κl≤K,κ1,··· ,κL≥1

L∏

l=1

P l
Np

l
suc,κl

. (25)

Furthermore, with regard to the successful probability plsuc,κl
,

the successful event at the κl-th transmission implies that

the l-th hop fails to decode the message prior to the κl-th
transmission. Therefore, the successful probability plsuc,κl

can

be expressed as plsuc,κl
= plout,κl−1 − plout,κl

, where plout,κl

refers to the outage probability after κl transmissions at the l-
th hop in the absence of blockage, and we stipulate plout,0 = 1.

It is worthwhile to note that the outage probability plout,κl
can

be calculated by using the results in Section III. With this

equation, the outage probability of the multi-hop HARQ-IR-

aided THz communications can be finally rewritten as

p
(L)
out,K = 1−

∑

L≤
∑

L
l=1 κl≤K,κ1,··· ,κL≥1

L∏

l=1

P l
N

(
plout,κl−1 − plout,κl

)
. (26)
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On the basis of (26), the asymptotic outage analysis of

multi-hop HARQ-IR-aided THz communications can be con-

ducted to gain useful insights, as summarized in the following

remark.

Remark 1. In the high SNR regime, i.e., ρ̂→ ∞, there exists

a lower bound of the outage probability if PB > 0, i.e.,

p
(L)
out,K ≃ 1− PN

L, K ≥ L. (27)

Whereas, if there is no blockage, i.e., PB = 0, the outage

probability converges to zero as ρ̂→ ∞, and the diversity or-

der of multi-hop HARQ-IR-aided THz communications without

blockage is given by

D =
(K − L+ 1)min{φ, αµ}

2
, K ≥ L. (28)

Clearly, (28) includes the diversity order of the single-hop

case in (17) as a special case. Moreover, the number of hops,

i.e., L, decreases the diversity order, consequently degrades

the outage performance. Full time diversity is unreachable if

L > 1. Hence, it does not mean that more hops will be in

favor of the reliable transmissions.

Proof. Please see Appendix C.

B. LTAT

In the following, the LTAT of HARQ-IR-aided THz systems

with the blockage is investigated by considering two cases, i.e.,

single-hop and multi-hop.

1) LTAT of Single-Hop: Similarly to (20), the LTAT of

the single-hop HARQ-IR-aided THz system with blockage is

given by

T̄ (1) =
R
(
1− p

(1)
out,K

)

N̄ (1)
, (29)

where N̄ (1) = 1 +
∑K−1

k=1 p
(1)
out,k corresponds to the average

number of transmissions.

2) LTAT of Multi-Hop: Similarly, the LTAT of the multi-

hop HARQ-IR-aided THz system with the blockage is also

expressed as

T̄ (L) =
R
(
1− p

(L)
out,K

)

N̄ (L)
, (30)

where N̄ (L) represents the average number of transmissions

in the case of L hops. By considering the distribution of the

number of transmissions, the expectation of the number of

transmissions can be obtained as

N̄ (L) = Kp
(L)
out,K−1 +

K−1∑

k=L

kp
(L)
suc,k, (31)

where the first term indicates the maximum number K of

transmissions and the subscript k starts from L because at

least L transmissions are required for a successful delivery.

Moreover, the successful probability can be represented by

the difference of the probabilities of two successive outage

events, i.e., p
(L)
suc,k = p

(L)
out,k−1 − p

(L)
out,k. Accordingly, (31) can

be rewritten as

N̄ (L) = Kp
(L)
out,K−1 +

K−1∑

k=L

k
(
p
(L)
out,k−1 − p

(L)
out,k

)
. (32)

After some algebraic manipulations, the average number of

transmissions in the case of multi-hop can be eventually

obtained as

N̄ (L) = L+
K−1∑

k=L

p
(L)
out,k. (33)

Interestingly, a direct consequence of Remark 1 yields

the asymptotic expression of the LTAT, as concluded in the

following remark.

Remark 2. In the high SNR regime, i.e., ρ̂→ ∞, there exists

an upper bound of the LTAT if PB > 0, i.e.,

T̄ (L) ≃ R

K
(
PN

−L − 1
)
+ L

. (34)

Whereas, if there is no blockage, i.e., PB = 0, the LTAT

converges to R/L as ρ̂→ ∞. Apparently, more hops degrade

the asymptotic LTAT no matter PB > 0 or not.

V. NUMERICAL RESULTS

In this section, the analytical results are verified by con-

ducting Monte Carlo simulations. For illustration, the system

parameters are set as follows, Rayleigh fading channels are

assumed such that α = 2 and µ = 1, and standard environ-

mental conditions ψ = 50%, T = 296◦ K, and p = 101325 Pa

are considered. In addition, we assume that f = 275 GHz,

K = 3, R = 2 bps/Hz, and σs = 1 unless otherwise

specified. Moreover, according to [47], both the transmit and

the receive antenna gains are set to 55 dBi, meanwhile the

total transmission distance is assumed to be 20 m. Besides,

the number of Monte Carlo simulation runs is set up to 107.

By considering that the sign of αµ−φ has different impacts on

the outage performance, we consider the following two cases:

1) the equivalent beamwidth wd0 is set as 1 for αµ− φ > 0;

2) wd0 is set as 3 for αµ − φ < 0. By employing fixed

power allocation scheme, the power allocation coefficients

are set as q1 = · · · = qK = 1. Furthermore, the curves

of the simulated, the analytical, and the asymptotic results

in the following figures are labeled as “Sim.”, “Ana.”, and

“Asy.”, respectively, where the analytical results are obtained

by adopting the method of Abate and Whitt as given in

(49). For comparison, the results for Type-I HARQ-aided

and HARQ-CC-aided schemes in [20] are incorporated for

benchmarking purpose.

A. Without Blockage

Fig. 2 depicts the outage probability pout,K versus the

average transmit SNR ρ̂ for different HARQ-aided THz com-

munication schemes in the absence of blockage. It is clearly

seen that the analytical and simulated results are in perfect

agreement. One can also observe that the asymptotic curves

tightly approach to the analytical curves with the increase of
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Fig. 2: The outage probability pout,K versus the average SNR

ρ̂.

SNR no matter whether αµ − φ > 0 or not, which validates

the asymptotic analysis. Nonetheless, it is noteworthy that

there exists a large gap between the analytical and asymptotic

results for evaluating medium-to-high outage probabilities.

Furthermore, it is found that the slopes of the outage curves

of the three types of HARQ-aided schemes are identical. This

justifies the validity of the diversity order analysis. In partic-

ular, the diversity order becomes independent of the fading

parameters if µα− φ < 0. Otherwise, the diversity order of

the system is determined by the pointing error. From Fig. 2,

it is revealed that the HARQ-IR-aided scheme outperforms

the other two HARQ-aided schemes, which corroborates the

superiority of the HARQ-IR-aided scheme. This is because

that the HARQ-IR aided scheme can achieve the highest

modulation and coding gain by comparing to the other two

HARQ-aided schemes, as shown in Table I.

Fig. 3 depicts the LTAT T̄ versus the average transmit SNR

ρ̂ for different HARQ-aided THz communication schemes

in the absence of the blockage. Clearly, there is a perfect

agreement between the simulation results and the analytical

results no matter for αµ − φ > 0 or not, which justifies the

validity of our analysis. Not surprisingly, the LTAT can be

improved by increasing the average SNR and is upper bounded

by the transmission rate R = 2 bps/Hz. Moreover, it can

be seen that the HARQ-IR-aided scheme performs the best

among the three HARQ-aided schemes especially for the low-

to-medium SNR. This is due to the highest spectral efficiency

of the HARQ-IR scheme, which attributes to its highest coding

complexity.

Figs. 4 and 5 are plotted for different carrier frequen-

cies (f = 275, 350, 400 GHz) and transmission distances

(d = 10, 20, 30 m), respectively. It can be observed that

the increase of the carrier frequency has a negative impact

on the outage performance. This coincides with our intuition

that a high carrier frequency usually yields a large path loss.

Moreover, it is not beyond our expectation that the increase of

the transmission distance deteriorates the outage performance.

15 20 25 30 35 40 45 50 55 60
0.6

0.8

1

1.2

1.4

1.6

1.8

2

Type-I,Sim.
Type-I,Ana.
CC,Sim.
CC,Ana.
IR,Sim.
IR,Ana.

   -   > 0

   -   < 0

Fig. 3: The LTAT T̄ versus the average SNR ρ̂ .
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100

Sim.
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Fig. 4: The outage probability pout,K versus the average SNR

ρ̂ for different carrier frequencies.

More importantly, it is shown that different carrier frequencies

and transmission distances only affect the modulation and

coding gain without altering the diversity order.

In Fig. 6, the outage performance of HARQ-IR aided THz

communications is compared with that of HARQ-IR aided

free space optical (FSO) communications, wherein the outage

expression of HARQ-IR aided FSO communications was

derived in [48]–[50]. For illustration, no independent scattering

component and intensity modulation/direct detection (IM/DD)

technique are assumed for FSO systems. It can be seen

from Fig. 6 that the HARQ-IR aided THz communications

achieve a better outage performance than HARQ-IR aided

FSO communications. This can be explained by the conclusion

drawn in [51] that the FSO system frequently suffers from

severe atmospheric turbulence and pointing errors compared

to the THz system. Hence, our results coincide with the

experimental observations in [51].
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Fig. 5: The outage probability pout,K versus the average SNR

ρ̂ for different transmission distances.
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Fig. 6: Comparison between the outage probabilities of

HARQ-IR aided THz systems and FSO systems with R =
2 bps/Hz and K = 3.

B. With Blockage

Figs. 7 and 8 show the outage probabilities p
(L)
out,K versus

the average transmit SNR ρ̂ for single-hop and multi-hop

HARQ-aided THz communication schemes in the presence

of blockage, respectively, where the values of λb are set as

0.03 and 0.01 for the single-hop and the multi-hop systems,

respectively, L is set as 2. Clearly, the analytical and simulated

results are in perfect agreement, which demonstrates the

correctness of our theoretical analysis. Similarly, the HARQ-

IR-aided scheme performs the best no matter under single-hop

or multi-hop. In addition, it is not difficult to find that the

outage probabilities of both single-hop and multi-hop systems

have a lower bound. This is because the outage probability

under high SNR is only related to the blocking probability,

which coincides with Remark 1. For instance, the lower bound

of p
(2)
out,K in Fig. 8 is p

(2)
out,K ≥ 1−PN

L = 1−e−2βd = 0.007.

Hence, the outage probability eventually tends to the blocking

0 10 20 30 40 50 60

10-1

100
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Fig. 7: The outage probability p
(1)
out,K versus the average SNR

ρ̂ with λb = 0.03 in the case of single-hop.
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Fig. 8: The outage probability p
(2)
out,K versus the average SNR

ρ̂ with λb = 0.01 and L = 2 in the case of multi-hop.

probability according to (4). Particularly, by comparing Figs.

7 and 8, the outage probability of multi-hop systems is

lower than that of single-hop systems, which corroborates the

superiority of the multi-hop system. In addition, to verify the

results in the case of PB = 0 in Remark 1, Fig. 9 is plotted

to investigate the asymptotic outage behavior of multi-hop

THz systems without blockage by setting λb = 0. It is easily

found that the outage probability decreases to zero as the SNR

increases. The declining rate of the outage curves corroborates

the validity of the diversity order analysis.

As shown in Figs. 10 and 11, the LTAT is plotted against

the average SNR for single-hop and multi-hop HARQ-aided

THz communication schemes in the presence of blockage,

respectively. Clearly, both of them show an excellent match

between the simulation results and the analytical results,

which validate our analysis. Unsurprisingly, the LTAT can be

improved through increasing the average SNR. It can be seen

that HARQ-IR-aided scheme performs the best among the
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Fig. 9: The outage probability p
(2)
out,K versus the average SNR

ρ̂ with λb = 0 and L = 2 in the case of multi-hop

.
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Fig. 10: The LTAT T̄ (1) versus the average SNR ρ̂ with λb =
0.03 in the case of single-hop.

three HARQ-aided schemes, but the LTAT of all the HARQ-

aided schemes tend to be fixed under high SNR, because the

LTAT is upper bounded by T̄ (L) ≤ R/L according to (30)

and (33). For example, the LTAT of the single-hop systems

is bounded as T̄ (L) ≤ R = 2 bps/Hz, while the LTAT of the

single-hop systems is bounded as T̄ (L) ≤ R/L = 1 bps/Hz.

By combining the results in Figs. 8 and 11, we conclude that

the higher reliability of the multi-hop system is achieved at

the price of lower spectral efficiency.

C. Deep Neural Network Based Outage Evaluation

Since the analytical outage expression of HARQ-IR-aided

THz communications involves the Fox’s H function, it entails

a prohibitively high computational complexity on the perfor-

mance evaluation. Instead, we propose to utilize a deep neural

network (DNN) to estimate the outage probability in a real-

time fashion. As opposed to the prior works (e.g., [52]) that the

15 20 25 30 35 40 45 50 55 60
0.6
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Fig. 11: The LTAT T̄ (2) versus the average SNR ρ̂ with λb =
0.01 and L = 2 in the case of multi-hop.

exact results are commonly used to generate the output of the

DNN for the dataset, the simulated and asymptotic results are

leveraged in this paper to further shorten the offline execution

time and lower the computational complexity. This is due to

the fact that the asymptotic results and the simulated results

can provide a fairly high computational accuracy in low and

high outage regimes, respectively. In addition, it is worth men-

tioning that the computational complexity of the asymptotic

outage probability is extremely low relative to the analytical

calculation approach. Besides, there is a broad consensus that

we can obtain a relatively high accuracy for evaluating a

medium-to-high outage probability, even if a small number

of simulation runs are carried out. This conclusion can be

drawn from Table II, wherein the simulation method has a

lower execute time than the analytical method for evaluating

pout,K > 10−5, meanwhile guaranteeing a similar accuracy.

This dramatic merit of Monte Carlo simulations is helpful

to cut down the computation overhead. Thereby, the natural

idea is to properly amalgamate the simulated and asymptotic

results to generate the dataset. In order to elaborate on how the

DNN is implemented to fit the outage curves, DNN structure,

dataset generation, DNN training, performance indicator, and

numerical results are detailed as follows.

1) DNN Structure: A fully connected DNN-based outage

evaluation framework is outlined in Fig. 12. The DNN consists

of one input layer, two multiple hidden layers and one output

layer. By taking 4 system parameters as the inputs of DNN and

the outage probability as the output, the input and the output

layers have 4 neurons and 1 neuron, respectively. Herein, the

four input parameters are the average transmit signal-to-noise

ratio ρ̂, the initial transmission rate R, the maximum number of

transmissions K and the radius of the receive antenna effective

area wd0 . The possible values of the system parameters are

specified in Table III. Besides, both the two hidden layers

contain 100 neurons. To avoid the vanishing gradient problem

while ensuring the computational simplicity, all the neurons

in the hidden and output layers adopt the exponential linear
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TABLE II: The computational complexity and accuracy comparisons between the simulation and the analytical methods with

K = 3 and R = 2 bps/Hz.

SNR [db]
Direct Integral Simulation Analytical

value trials value time [s] value time [s]

0 0.5792 10
4 0.5816 0.147214 0.5797 181.328981

12 0.0459 10
5 0.0461 1.424897 0.0460 247.631133

24 0.0020 10
6 0.0020 12.247065 0.0020 278.964050

36 7.9044e-05 10
8 7.9920e-05 88.011415 7.9078e-05 275.858877

48 3.0607e-06 10
9 3.0710e-06 849.788840 3.0620e-06 302.424123

60 1.1811e-07 10
10 1.2380e-07 8450.979962 1.1816e-07 326.277437

 

!

"#$

r̂

Fig. 12: The framework of the proposed deep neural network

based outage evaluation model.

unit (ELU) activation function.

TABLE III: Parameter values for DNN training and testing

,

Parameters Values Parameters Values Parameters Values

ρ̂ [0,50] α 2 σs 1

R [0,5] µ 1 f 275

K [2,4] d 20 T 296

wd0
[3,4] ψ 0.5 p 101325

2) Dataset Generation: In the generated dataset M, the

k-th sample can be represented by (In(k),Out(k)), where

In(k) contains four elements as provided in Table III, Out(k)

corresponds to the output value which is obtained by com-

bining the asymptotic and simulated results. The dataset M
is generated in the following way. Regarding In(k), the four

inputs are uniformly generated according to the specified

ranges in Table III. According to the input parameters In(k),

the output Out(k) is generated by combining the asymptotic

and simulated outage probabilities. In order to reap the benefits

of using both asymptotic and simulation results in low and

high outage regimes, Out(k) can be set as

Out(k) =

{
psimout,K psimout,K ≥ υ

pasyout,K otherwise
, (35)

where psimout,K and pasyout,K are the simulated and the asymptotic

outage probabilities given the input parameters In(k), υ is used

to manage the computational accuracy. It should be highlighted

that the improvement of the evaluation accuracy of the DNN-

based framework is negligible under a sufficiently low υ,

because the asymptotic results are accurate enough in this

case. This can be observed from Figs. 2, 4, and 5 that the

simulated results coincide well with the asymptotic ones. It

is noteworthy that we are more interested in the low outage

region for reliable communications. Unfortunately, numerous

experiments indicate that (35) is not an appropriate choice

for defining the output, because the setting of Out(k) in (35)

makes the impact of low outage region on the loss function

nearly negligible. Hence, to better predict the low outage

probability and meanwhile accelerate learning and alleviate

the over-fitting, the following transformation is utilized such

that the low outage is magnified meanwhile the accuracy of

the prediction of high outage is also warranted

Õut
(k)

= log2

(
−log2

(
Out(k)

))
. (36)

The generated dataset M is then partitioned into three

non-overlapping subsets, including the training set Mtra, the

validation set Mval, and the testing set Mtes. Particularly,

Mtra is used to iteratively update the weights and biases of the

DNN, Mval is used to terminate the training phase and avoid

the occurrence of the over-fitting, Mtes is used to assess the

performance of the designed DNN for prediction. Moreover,

the data in Mtra, Mval, and Mtes account for 60%, 20%,

and 20% of the whole dataset M, respectively.

3) DNN Training: The deep learning (DL) procedure is

split into two stages, including the training stage and the

testing stage. Specifically, in the training stage, the adaptive

moment estimation (Adam) optimization algorithm is adopted

to optimize the weights and biases of the DNN offline. More-

over, the loss function is defined as the mean squared error

(MSE) between the actual and the predicted output values.

Once the training stage is finalized, the obtained DNN can be

used for the online prediction.

4) Performance Indicator: To assess the performance of

the designed DNN-based outage evaluation model, the MSE

is utilized as the performance indicator. Regarding the testing

set, the MSE Emse can be calculated as

Emse =
1

|Mtes|

|Mtes|∑

k=1

(
Õut

(k) − Õut
(k)

pre

)2

, (37)

where |Mtes| denotes the cardinality of the testing set, Õut
(k)

pre

refers to the predicted value of the DNN.

5) Numerical Results: For verification, Matlab is used to

collect the dataset M as well as analyze the data, and the

DNN-based outage evaluation model is implemented in a PC

with an AMD Ryzen 7 4800H, 64-core processor, Nvidia
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Fig. 13: The convergence curve of the MSE of the proposed

DNN-based outage evaluation model with υ = 10−4.

GeForce RTX-2060 super GPUs, Python 3.7.9 and Pytorch

1.11.0 as the DL framework. As shown in Fig. 13, the MSE

Emse is plotted against the total number of samples in the

dataset M. It can be seen that the MSE gradually decreases

with the increase of the total number of samples. Nevertheless,

once the total number of samples is larger than 1.25 × 104,

the MSE of the trained DNN-based model closely approaches

to the performance floor, i.e., Emse ≈ 0.03. Thus the number

of samples should be properly chosen to balance the tradeoff

between the accuracy and complexity. Moreover, it is observed

that the MSE values of the training, the validation and the

testing sets are close to each other. This finding indicates that

the DNN is well trained [53].

D. Optimal Rate Selection

To illustrate the benefits of using our analytical results, the

transmission rate is optimally designed to maximize the LTAT

while guaranteeing the outage constraint in this section. From

(29), it is found that the LTAT is a complex function of the

transmission rate, because both the numerator and denominator

involve the transmission rate. Hence, it is very cumbersome to

apply the analytical result to solve the optimization problem.

Thereupon, another alternative way is using the asymptotic

result to reduce the computational complexity. Nonetheless,

this approach may yield a nonnegligible gap under low SNR

by comparing to the true optimal transmission rate. Besides,

this motivates us to utilize the DNN-based outage evaluation

method to simplify the optimization meanwhile ensuring the

computational accuracy. By taking the case without blockage

as an example, the optimal rate design problem can be casted

as
max
R

T
s.t. pout,K ≤ ε

(38)

where ε denotes the maximum allowable outage probability.

It is noteworthy that the asymptotic result can be used to

obtain a globally sub-optimal solution [44]. This is because

the numerator and denominator of T̄ are concave and convex

10-5 10-4 10-3 10-2 10-1 100
0.2

0.4

0.6
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1
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DNN-based HARQ-CC
Asymptotic-based HARQ-CC [44]
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DNN-based HARQ-IR
Asymptotic-based HARQ-IR [44]
Gaussian-based HARQ-IR [55]

Fig. 14: The optimal LTAT T ∗ versus the outage threshold ε
with K = 4 and ρ̂ = 20 dB.

functions of R, respectively, by considering the convexity of

GK

(
2R
)
, as proved in Section III-B3. Hence, (38) is a concave

fractional programming problem, which can be globally solved

with Dinkelbach’s method [54]. Additionally, the proposed

DNN-based method can be used to accurately approximate

the outage probability, which can be adopted to numerically

solved this optimization problem.

Fig. 14 shows the comparison between the proposed DNN-

based and the asymptotic-based methods in terms of the

optimal LTAT for different HARQ-aided schemes, where the

asymptotic-based method [44] and the Gaussian-based method

[55] are used for benchmarking purpose. As expected, the

optimal LTAT T ∗ increases to an upper bound as the outage

threshold increases. Similarly, it is found that the HARQ-

IR-aided scheme performs the best. Moreover, it is observed

that the DNN-based method outperforms the asymptotic-based

and the Gaussian-based ones, which highlight the considerable

significance of our contribution.

VI. CONCLUSIONS

This paper has first investigated the outage performance of

HARQ-IR-aided THz communications in the absence of the

blockage. Particularly, the Mellin transform has been adopted

to derive the outage probability, which has facilitated the

asymptotic outage analysis to gain useful insights. In order

to explore more insights, the asymptotic performance metrics

of HARQ-IR-aided schemes have been investigated, including

the pointing error and fading channels, power allocation,

modulation and coding gain, and diversity order. Moreover,

the LTAT of the HARQ-IR-aided scheme has been derived in

terms of the outage probability. Furthermore, we have studied

the outage and LTAT performance of HARQ-IR-aided THz

communications in the presence of blockage, where a 3D

blockage modeling has been considered. All the analytical

results have been validated by the numerical analysis.

Furthermore, to render the tractability of the analysis, the

effect of line-of-sight (LoS) has been overlooked in this paper.
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However, the α-µ fading is a generalized fading channel

model that can closely approximate Rician fading to account

for the impact of LoS. Nevertheless, the effect of LoS on

the performance of THz communications will be accurately

analyzed in our future work.

Last but not the least, a novel DNN-based outage evalu-

ation framework has been designed to compute the outage

probability of the HARQ-IR-aided THz systems. The core

of the proposed framework lies in the fact that Monte Carlo

simulations and asymptotic outage analysis can offer highly

accurate outage evaluations in low SNR and high SNR, respec-

tively. By combining the asymptotic and simulation results, the

proposed framework has been capable of striking a balanced

tradeoff between high accuracy and low complexity. In the

end, this novel outage evaluation framework has been used for

the optimal rate selection, which is superior to the asymptotic

based optimization.

APPENDIX A

PROOF OF LEMMA 1

By applying Parseval’s Type Property of Mellin transform

[41, Eq. 8.3.22] to the inner integral of (10), one has

pout,K =
1

2πi

∫ c1+i∞

c1−i∞

2−Rt

−t

K∏

k=1

φ

2Γ(µ)Γ (−t)

× 1

2πi

∫ c2+i∞

c2−i∞

Γ
(
s
2

)
Γ
(
−t− s

2

)
Γ(µ− s

α )Γ (φ− s)

Γ (1 + φ− s)

×



(
ρk|hl|2

)− 1
2

(
µ

ĥαfS
α
0

) 1
α




s

dsdt, (39)

where c2 > 0 and (39) holds by using the following two Mellin

transforms

∫ ∞

0

xs−1
k Γ

(
αµ− φ

α
,
µxαk
Sα
0 ĥ

α
f

)
dxk

=
1

s

(
µ

Sα
0 ĥ

α
f

)− s
α

Γ

(
αµ− φ+ s

α

)
, (40)

∫ ∞

0

xs−1
k (1 + ρk|hl|2x2k)

t
dxk

=
1

2

(
1

ρk|hl|2

) s
2
Γ
(
s
2

)
Γ
(
−t− s

2

)

Γ (−t) , (41)

where (40) and (41) follows from [56, Eq. 6.455] and [41,

Eq. A-1.24], respectively. By recognizing the inner integral

as a Mellin-Barnes integral and identifying it with the Fox’s

H-function [57, Eq.1.2], the outage probability of HARQ-IR-

aided THz communications is consequently derived as (42),

as shown at the top of the next page. Obviously, (42) can be

expressed in the form of the inverse Laplace transform by a

variable substitution as (11).

APPENDIX B

PROOF OF THEOREM 1

By using the residue theorem, the Fox’s H-function in (11)

can be expanded as (43), as shown at the top of the next page,

where Res
s=a

{f(s)} denotes the residue of f(s) at s = a. Fur-

thermore, by using the dominant term approximation together

with the condition t < −max{φ, µα}/2, (43) is asymptotic

to

H1,3
3,2



(
qkρ̂|hl|2

) 1
2

(
µ

ĥαfS
α
0

)− 1
α ∣∣∣∣

(1+t, 12 ),(1−µ, 1
α ),(1+φ,1)

(0, 12 ),(−φ,1)




≃− lim
s→φ

(s− φ)
Γ
(
s
2

)
Γ
(
−t− s

2

)
Γ(µ− s

α )Γ (φ− s)

Γ (1 + φ− s)

×



(
qkρ̂|hl|2

)− 1
2

(
µ

ĥαfS
α
0

) 1
α




s

− lim
s→µα

(s− µα)
Γ
(
s
2

)
Γ
(
−t− s

2

)
Γ(µ− s

α )Γ (φ− s)

Γ (1 + φ− s)

×



(
qkρ̂|hl|2

)− 1
2

(
µ

ĥαfS
α
0

) 1
α




s

=(qkρ̂)
−φ

2 Γ

(
−t− φ

2

)
B

+ (qkρ̂)
−µα

2 Γ
(
−t− µα

2

)
C, (44)

where B and C are given by

B = Γ

(
φ

2

)
Γ(µ− φ

α
)


|hl|−1

(
µ

ĥαfS
α
0

) 1
α




φ

, (45)

C =
α

φ− µα
Γ
(µα

2

)

|hl|−1

(
µ

ĥαfS
α
0

) 1
α




µα

. (46)

By substituting (44) into (11), the asymptotic outage prob-

ability can be obtained as

pout,K ≃
(

φ

2Γ(µ)

)K
1

2πi

∫ c1+i∞

c1−i∞

2−Rt

−t

K∏

k=1

× 1

Γ (−t)



(qkρ̂)

−φ
2 Γ

(
−t− φ

2

)
B

+(qkρ̂)
−µα

2 Γ
(
−t− µα

2

)
C


dt?? (47)

Furthermore, (47) can be expanded as (48),

as shown at the top of the next page, where

Ω = {(a1, · · · , aK) : ak = {0, 1} , 1 ≤ k ≤ K}. To obtain

the asymptotic outage expression as ρ̂ → ∞, it suffices to

consider the dominant terms ρ̂
µα−φ

2

∑K
k=1 ak−

Kµα
2 in (48).

Thus, it amounts to finding the minimum value of the

corresponding exponent µα−φ
2

∑K
k=1 ak − Kµα

2 . Apparently,

the minimum value of the exponent depends on the sign

of µα− φ. Specifically, the minimum of the exponent is

attained with a1 = · · · = aK = 1 if µα− φ > 0 and

a1 = · · · = aK = 0 otherwise. Thus the outage probability

is asymptotically expressed as (49), as shown at the top of
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pout,K =

(
φ

2Γ(µ)

)K
1

2πi

∫ c1+i∞

c1−i∞

2−Rt

−t

K∏

k=1

1

Γ (−t)H
1,3
3,2



(
ρk|hl|2

) 1
2

(
µ

ĥαfS
α
0

)− 1
α ∣∣∣∣

(1+t, 12 ),(1−µ, 1
α ),(1+φ,1)

(0, 12 ),(−φ,1)


dt (42)

H1,3
3,2



(
qkρ̂|hl|2

) 1
2

(
µ

ĥαf S
α
0

)− 1
α ∣∣∣∣

(1+t, 12 ),(1−µ, 1
α ),(1+φ,1)

(0, 12 ),(−φ,1)




=
∑

{a:a=φ+n,n∈[0,∞]}⋃
{a:a=µα+nα,n∈[0,∞]}⋃
{a:a=2t+2n,n∈[0,∞]}

Res
s=a




Γ
(
s
2

)
Γ
(
−t− s

2

)
Γ(µ− s

α )Γ (φ− s)

Γ (1 + φ− s)



(
qkρ̂|hl|2

)− 1
2

(
µ

ĥαfS
α
0

) 1
α




s
 (43)

pout,K ≃
(

φ

2Γ(µ)

)K
1

2πi

∫ c1+i∞

c1−i∞

2−Rt

−t

K∏

k=1


q−

φ
2

k ρ̂−
φ
2B

Γ
(
−t− φ

2

)

Γ (−t) + q
−µα

2

k ρ̂−
µα
2 C

Γ
(
−t− µα

2

)

Γ (−t)


dt

=

(
φ

2Γ(µ)

)K ∑

a∈Ω

ρ̂
µα−φ

2

K∑

k=1

ak−
Kµα

2

K∏

k=1

q
µα−φ

2 ak−
µα
2

k BakC1−ak

× 1

2πi

∫ c1+i∞

c1−i∞

(
2−R

)t Γ (−t)
Γ (1− t)

K∏

k=1



Γ
(
−t− φ

2

)

Γ (−t)




ak(
Γ
(
−t− µα

2

)

Γ (−t)

)1−ak

dt, (48)

pout,K ≃





(
φ

2Γ(µ)

)K

ρ̂
−φK

2

K∏

k=1

q
−φ
2

k B
1

2πi

∫ c1+i∞

c1−i∞

(
2−R

)t Γ (−t)
Γ (1− t)

K∏

k=1

Γ
(
−t− φ

2

)

Γ (−t) dt, µα− φ > 0

(
φ

2Γ(µ)

)K

ρ̂
−µαK

2

K∏

k=1

q
−µα

2

k C
1

2πi

∫ c1+i∞

c1−i∞

(
2−R

)t Γ (−t)
Γ (1− t)

K∏

k=1

Γ
(
−t− µα

2

)

Γ (−t) dt, µα− φ < 0

(49)

the next page. By using the residue theorem and identifying

the integral in (49) with Meijer’s G-function [56, Eq. 9.301]

along with [56, Eq. 9.312], the asymptotic outage probability

pasyout,K of HARQ-IR-aided THz communications can be

derived as (13).

APPENDIX C

PROOF OF REMARK 1

The asymptotic outage probabilities of multi-hop HARQ-

IR-aided THz communications in the cases of PB > 0 and

PB = 0 are separately discussed in the following.

1) PB > 0: If PB > 0, the occurrence of the outage event

in the high SNR regime, i.e., ρ̂→ ∞, only depends on whether

any hop is blocked or not. Accordingly, p
(L)
suc,k = PN

L if

k = L and zero otherwise. With (23), the outage probability

is asymptotic to (27).

2) PB = 0: By noticing that the outage event could

occur at any hop, using the law of total probability yields

the outage expression of the multi-hop HARQ-IR-aided THz

communications as (50), as shown at the top of the next page,

where the term χn represents the probability of the event that

the transmissions in the first n− 1 hops are successful but the

outage takes place during the n-th hop. If there is no blockage

during each hop, i.e., PB = 0, according to Theorem 1,

the outage probability plout,k is proportional to ρ̂−
k min{φ,αµ}

2 ,

i.e., plout,k ∝ ρ̂−
k min{φ,αµ}

2 . Besides, by using the identity

plsuc,k = plout,k−1−plout,k, we have plsuc,k ∝ ρ̂−
(k−1)min{φ,αµ}

2 .

By substituting the asymptotic forms of plout,k and plsuc,k into

(50), applying the dominant term approximation to (50) leads

to p
(L)
out,K ≃ χL ∝ ρ̂−

(K−L+1)min{φ,αµ}
2 . As a consequence, the

diversity order can be derived as (28).
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