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Scheme for Dual-Hop Satellite-Integrated Internet
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Abstract—In the upcoming satellite-integrated Internet, a noted
limitation is the non-trivial propagation latency due to the long
distances. To support the emergent timeliness applications, infor-
mation must be transmitted within a short end-to-end latency.
Hence, the traditional hybrid automatic repeat request (HARQ)
strategies with frequent feedbacks do not fit anymore, because
the reliable transmission needs retransmission of the lost pack-
ets, which inevitably leads to the low efficiency in the satellite-
integrated Internet. In this paper, we propose an age-optimal
network code HARQ (NC-HARQ) transmission scheme with the
metric of information timeliness, i.e., age of information (Aol) to
realize limited/no feedback dual-hop reliable transmission in the
satellite-integrated Internet. We derive the closed-form expression
for the average and peak Aol of the proposed dual-hop age-optimal
NC-HARQ transmission scheme, and also the expression for the
benchmark schemes through establishing a finite-state Markov
chain. Then, by taking account of the time-varying channel and the
characteristics of random update of data file, two dynamic forward
transmission strategies are further designed. Simulation results
illustrate that our dual-hop age-optimal NC-HARQ transmission
scheme can achieve lower average and peak Aol in comparison
with several state-of-the-art HARQ schemes.

Index Terms—Satellite-integrated Internet, timeliness, age of
information, network coding, HARQ.

I. INTRODUCTION

ITH the commercial applications of fifth generation
(5 G) mobile communications, the satellite-integrated
Internet has become an important research direction in the be-
yond 5 G (B5G) and even in the future sixth generation (6 G) [1],
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[2]. Since the end-to-end satellite communication is faster than
the terrestrial fiber optic networks under the distance larger than
3000 kilometers [3], the upcoming satellite-integrated Internet
has the potential to well support numerous emerging timeliness
applications in the global coverage [4], such as intelligent traffic,
smart grid, voyage navigation and disaster relief [5]. Consider
that the information freshness is a stringent requirement for the
above mentioned timeliness services in the satellite-integrated
Internet [6], to evaluate the freshness of information, a timeliness
metric named age of information (Aol) is introduced in this
paper. Note that Aol was originally introduced in [7], which
is defined as the time elapsed since the timestamp of the most
recently received update [8].

Nevertheless, the long distance and complicated environment
between satellite and terrestrial devices and base station would
lead to high bit error rate (BER) and even outage. Thus, the
bit-level forward error correction (FEC) approaching the Shan-
non limit still can not guarantee the reliable transmission of
data packets [9]. Therefore, at the link layer, the failure decoded
packet is treated as lost and needs retransmission. However, the
conventional reliable retransmission schemes, such as hybrid
automatic repeat request (HARQ), would lead inefficient for
the lost data packets recovery in the satellite-integrated Internet,
since additional retransmission rounds significantly increase the
end-to-end delay due to the non-trivial propagation latency and
frequent link disruptions.

To tackle this issue, the consultative committee for space
data systems (CCSDS) released the long erasure code (LEC)
specification [10], where a packet-level LEC is proposed at the
link layer to help mitigating the packet loss by the physical layer
bit-level FEC. Thus, the receiver can utilize the packet-level
LEC to help recovering the failure decoded or congestion lost
packets in physical layer, which could approach a required file
error rate (FER) if receives sufficient LEC packets. Therefore,
we introduce a network coded (NC) HARQ scheme as the
LEC scheme for the reliable transmission [11] in the multi-hop
satellite-integrated Internet transmission scenario to reduce FER
and enhance the timeliness, and focus on the design of a dual-hop
age-optimal NC-HARQ transmission scheme to lower the Aol
and ensure the reliability.

A. Related Works and Motivation

Since the propagation latency is non-trivial in the satellite-
integrated Internet, the traditional end-to-end transmission delay
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cannot characterize the timeliness of data services, and the
concept of age of information (Aol) is introduced [12]. Aol is
defined as the amount of time elapsed since the generation of the
last received update, and average Aol is the average age over all
time. The method of adding Aol to the tandem queue model has
firstly appeared in [13], which considers a single server queue in
the terrestrial transmission. The combination of Aol and single
hop end-to-end transmission with a computation queue is ana-
lyzed in [14], [15], where the average Aol and peak Aol in four
different tandem queue models are analyzed. The authors in [16]
analyze the average Aol in a tandem queue with two nodes under
the condition of zero-waiting. [17] has analyzed the average
Aol in the multi-hop satellite communication scenario without
considering the transmission protocol. Moreover, HARQ is com-
monly regarded as a reliable transmission scheme in terrestrial
network to ensure/tradeoff the reliability and efficiency [18].
The high reliability of HARQ is achieved by using successive
retransmissions and feedbacks to combat the bad channel con-
ditions [19]. In [20], [21], the performance of both incremen-
tal redundancy (IR)-HARQ and chase combining (CC)-HARQ
with finite blocklength codes over a Rayleigh block fading
channel are analyzed. However, the above mentioned HARQ
protocols are inefficient due to their acknowledgement/negative
acknowledgement (ACK/NACK) feedbacks, and the lost packet
retransmissions would lead to severely degrade the timeliness as
the propagation latency is non-trivial in the satellite-integrated
Internet [22], [23]. In [24], some retransmissions and feedbacks
are omitted in the HARQ process to accelerate the transmis-
sion. [25] sets the maximum retransmission rounds as a dynamic
value to improve the transmission quality. Note that the CCSDS
releases the Licklider Transmission Protocol (LTP) [26], which
is adopting the asynchronous NAK feedback HARQ retrans-
mission to significantly reduce the feedback and retransmission
rounds.

Note that most of the related HARQ schemes focus on the file
delivery delay and throughput without considering the Aol per-
formance in the satellite-integrated Internet. The combination
of Aol and end-to-end transmission scheme has been analyzed
in [27], [28]. Specifically, the freshness of K status packets
update through the erasure channels with error-free feedback is
investigated in [27], and the Aol of K status packets is modeled
without designing a HARQ transmission scheme. However,
there is still lack of work on the Aol performance and joint
design of the dual-hop HARQ transmission scheme. In detail,
we should transmit sufficient NC packets to guarantee the FER
and lower the Aol, while excessive NC packets would lead to
the increasing of delay and wasting of energy. Therefore, we
propose an age-optimal NC-HARQ transmission scheme for
dual-hop satellite-integrated Internet in this paper, and focus
on the tradeoff among the Aol, delay and FER to design the
corresponding relay modes.

B. Contributions

The novelties and contributions of this paper can be summa-
rized as follows:
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e We propose an age-optimal NC-HARQ transmission
scheme for the dual-hop satellite-integrated Internet com-
munication scenario to minimum the average/peak Aol,
where the sender and relay satellite utilize the NC to
perform LEC to encode original packets. Then, the relay
satellite and ground station can recover the lost original
packets via the NC packets to avoid retransmission. We
derive the BER expression of shadowed-Rician fading
channel to derive the FER in our system, which provides a
theoretical fundament to estimate the appropriate number
of NC packets to guarantee lower Aol and end-to-end delay.

e We further propose two relay modes in our age-optimal
NC-HARQ transmission scheme, named NC-HARQ with
no retransmission (NCnr-HARQ) mode and NC-HARQ
with one-time retransmission (NCor-HARQ) mode, re-
spectively. In detail, if the satellite fails to decode the file
then the file is discarded in the NCnr-HARQ mode. On the
other hand, in the NCor-HARQ mode, if the satellite fails
to decode, then it feeds back the instant CSI and the ground
devices can perform one-time retransmission according
to the feedback CSI. Then, to yield the insight into the
performance of our age-optimal NC-HARQ transmission
scheme, we derive the closed-form expressions of the av-
erage/peak Aol by using a discrete two-state Markov chain
in the first-hop transmission, and a four-state Markov chain
in the second-hop transmission. In addition, we derive the
closed-form expressions of the end-to-end expected delay
and throughput.

e We verify the accuracy of theoretical analysis through
various Monte Carlo simulations, and further evaluate the
average/peak Aol, end-to-end expected delay and through-
put, and compare with other state-of-the-art transmission
schemes including Fast HARQ [24] and dynamic-HARQ
(D-HARQ) [25]. Simulation results show that our age-
optimal NC-HARQ owns better performance than the Fast
HARQ and D-HARQ schemes. Specifically, the NCnr-
HARQ mode can lower the long-term transmission delay
and increase the throughput. The NCor-HARQ mode can
decrease the BER and achieve the lowest average/peak
Aol. Moreover, the NCor-HARQ mode can guarantee the
reliable transmission by utilizing one-time retransmission,
which also illustrates that the retransmission can be limited
in one round in our age-optimal NC-HARQ transmission
scheme.

C. Outline

The rest of the paper is organized as follows. In Section II,
we introduce the equivalent tandem queue, the channel model
and the age-optimal NC-HARQ transmission scheme. In Sec-
tion III, we establish the Aol evolution models and derive the
closed-form expressions of average Aol and peak Aol, then we
derive the end-to-end delay and throughput of the age-optimal
NC-HARQ transmission scheme for both the single-hop and
dual-hop scenarios, we further evaluate the end-to-end delay
and throughput of the Fast HARQ and D-HARQ schemes.
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Data buffer2

Fig. 1.  Dual-hop satellite-integrated Internet transmission, where the satellite
receives data from ground devices and then relays to the ground station.

In Section IV, we present the simulation results. Finally, we
conclude the paper in Section V.

II. SYSTEM MODEL

We consider a dual-hop satellite-integrated Internet transmis-
sion scheme as depicted in Fig. 1. A relay satellite R covers
a wide remote area on Earth and receives data generated from
ground device S in line of sight (LoS) link, and the age-critical
data packets from .S are relayed to R and then forwarded to a
ground station D as soon as possible. The channel from S to
R and R to D are both modeled as shadowed-Rician fading
channel.

A. Dual-Hop Tandem Queue Model

‘We model this dual-hop transmission as a tandem queue con-
sisting of two transmission queues as shown in Fig. 1, where both
transmission queues are in the form of M /M /1. The arriving
files to the first queue in S follow the Poisson process with arrival
rate A1, the end-to-end delay from S to R follows an exponential
distribution with random variable s, and the corresponding
waiting time is w;. Similarly, the arriving files to the second
queue in R is with the exponential inter-departure times 1/,
which is determined by A, 14 and w; . The corresponding end-to-
end delay from R to D also follows the exponential distribution
with random variable 1, and the corresponding waiting time is
wy. Note that ;1 and p, depend on the specific channel state in
the dual-hop satellite-integrated Internet transmission scenario.
Without loss of generality, we assume that all the arriving files
consist of the same amount x and the same length of packets,
and S and R handle one file at a time.

In our equivalent queue model, S and R are equipped with
single buffer with infinite capacity, which is ruled by Last
Come First Served (LCFS) policy with discarding to achieve
the highest freshness. Specifically, both queues have two states
named Idle (I/d) and Busy (B), thus, if a coming file arrives at
the queue finds that no file is being served, i.e., S or Ris in Id
state, then the transmission process starts right away; Otherwise
S or R is in B state, and it waits in the buffer till the current
file transmission is finished. Note that S and R adopt the LCFS
policy, if several files arrive at the queue when the nodes are
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in B, only the latest file in the buffer is to be served and other
buffered files are discarded directly.

B. Channel Model

The channel of the satellite-integrated Internet can be mod-
eled as the widely used shadowed-Rician (SR) fading distribu-
tion [29], and the CSI remains the same in the duration of a file
transmission period, and randomly changes at the beginning of
the next file transmission. Thus, the probability density function
(PDF) of SR fading distribution is given by [30]

Zbom

f( ) 1 m x
= X —
v 2b()"}/ Zbom +Q P Zb()"y

1 Q
- F 1 1
141 (ma ) 2b0'7 <2b0m ¥+ Q) .T) ) ( )

where 1 Fi(.,.,.) is the confluent hypergeometric function, -y
denotes the average value of signal noise ratio (SNR), (2 is the
average power of LoS component, 2b is the average power of
the multipath component, and m(m > 0) is the parameter of
channel fading severity.

The derivation of BER in SR fading channel as follows:

max(M/4,1)

>
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m—1

Pe = Za@k

k=0

1

m

(1 z’“: 1 1 Iw)
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1 2bpm m 2i+1 (2)
%07 (o t0)™s 1= g rayye V=7 EM =
max(log, M, 2), by W 0, = H)ké%m)’“
(355 3hmmre)"™ and T is the Gamma function. The detailed
derivation process of the BER is given in Appendix A.

Due to the fact that SR fading channel is volatile, we can
find that each average SNR v owns a good instant SNR r,
and a bad instant SNR 7, according to (1). Then, we can set
an appropriate SNR threshold r, for different v in SR fading
channel to divide two channel states, i.e., good and bad states.
In detail, if the instant SNR falls into the interval [r;, 1], then the
current channel condition is in good state; Otherwise, it is in bad
state. Moreover, we can convert 1y, ¢ and rp to Peg, Per and Py
based on (1) and (2). Specifically, the stationary probabilities of
good and bad states are derived as P = [Pr(g) Pr(b)], which
can be expressed as follows,

where o =

= sin

s

= alfpe Mt Z AEET 3)
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Fig. 2. A dual-hop illustration of our age-optimal NC-HARQ transmission
scheme. (a) NCnr-HARQ relay mode. (b) NCor-HARQ relay mode.

and
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Therefore, the time-varying SR fading channel can be mod-
eled as a two-state Gilbert-Elliott (GE) channel based on the
required P, and the transition probability matrix is as follows:

e A R V] FRC

where Pr(g | g) = o is the probability that the SR fading chan-
nel stays in good state, Pr(g | b) = oy is the probability that the
channel state changes from bad to good (1 > oy > gy > 0).

C. Dual-Hop Age-Optimal NC-HARQ Transmission Scheme

The proposed age-optimal NC-HARQ transmission scheme
for dual-hop satellite-integrated Internet is depicted in Fig. 2.
The basic idea of age-optimal NC-HARQ transmission scheme
is to utilize appropriate number of NC packets to recover the
erasure packets at the receiver to reduce feedback and retrans-
mission. Moreover, our age-optimal NC-HARQ transmission
scheme can be further extended to two relay modes to deal
with different Aol requirement, named NC-HARQ with no
retransmission (NCnr-HARQ) mode as shown in Fig. 2(a),
and NC-HARQ with one-time retransmission (NCor-HARQ)
mode as shown in Fig. 2(b). The detail of NCnr-HARQ and
NCor-HARQ relay modes are summarized as follows:

Step 1: The first-hop transmission from S to R. Before the
beginning of the transmission, S can get the delayed CSI through
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belief probability p, e.g., if the previous state is good, then
R feedbacks one bit as 1, otherwise is 0. Thus, there are two
actions for S that can be chosen at the beginning of each file
transmission, which can be described in detail as follows.

Action A (Betting aggressively): When S firmly believes that
the channel has a high chance in good state, S transmits a high
number R, of data bits.

Action C' (Betting conservatively): When S believes that the
channel is in bad state, then it transmits a low number R; of data
bits.

Then, we have the following optimal transmission policy [32].

Theorem 1: If R;/R), < 0y, the optimal transmission action
is A; If Rj/Ry, > o1, the optimal transmission action is C}
Moreover,if oy < R;/Rp < o1, when the delayed feedback CSI
is 1, the optimal transmission action is A, and when the delayed
feedback CSl is 0, the optimal action is C'.

Therefore, in the NCnr-HARQ relay mode, S determines the
number of NC packets to guarantee the reliable transmission via
the delayed feedback of CSI in the last transmission according to
Theorem 1. If it takes action A, then Ry, = (1 — P.t)/x, which
means that S encodes x original packets to 6; = x/(1 — P.;)
NC packets and sends to R, and the upper bound of NC packets is
denoted as K. If ittakes action C, then R; = (1 — P.p)/x, which
means that S encodes x original packets to 0; = x/(1 — Pep)
NC packets. Then, R does not begin the decoding or send
feedback signals until finds that §; NC packets transmission
are finished, which can be known from the meta-data in the
packets [26]. Then, R combines the successfully received NC
packets to recover the x original packets. If it succeeds, R
forwards this file to the second-hop transmission as shown in
the following Step 2. Otherwise, the file is discarded to lower
the long-term transmission delay if R fails to decode the file.

As for the NCor-HARQ relay mode, similarly, S firstly makes
the estimation through the transition probability in (5). However,
if it takes action A, then S encodes x original packets to §; =
X/ (1 — P.g) NC packets. If it takes action C, then S encodes x
original packets to §; = x/(1 — P.t) NC packets and transmit
to R. Then, R does not begin the decoding or send feedback
signals until finds that §; NC packets transmission are finished.
If it succeeds, R forwards this file to the next-hop transmission
as shown in the following Step 2. Otherwise, R feedbacks the
instant CSI precisely in its NACK based on the total information
collected yet. Then S can encode vy, NC packets (6; + vy =
0r < K)according to the feedbacked CSI and perform one-time
retransmission of this file. The NCor-HARQ mode can decrease
the FER than the NCnr-HARQ mode, and achieve the lowest
average/peak Aol.

Step 2: The second-hop transmission from R to D. In this step,
R does the same channel estimation as the first-hop transmission
no matter it is in NCnr-HARQ or NCor-HARQ mode. Similarly,
R then performs NC to encode the received original packets to
0, NC packets and transmit to D. Nevertheless, the difference
between the first-hop and second-hop lays in the coding upper
bound. Specifically, if the file is successfully decoded with
sending fewer packets than K in the first-hop transmission, then
R can encode more NC packets for the second-hop. Thus, the
coding upper bound at R is a dynamic value K , which can
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be more than K. Also, during the period of d, NC packets
transmission, D does not send feedback signals or begin the
decoding until §, NC packets transmission are finished. Then,
D combines all the received NC packets to decode the x original
packets, and R performs the NCnr-HARQ or NCor-HARQ mode
as the same as S'in Step 1.

III. ANALYTICAL RESULTS

In this section, we first establish the Aol evolution models and
derive the closed-form expressions of average Aol and peak Aol
(PAol). Then, we derive the end-to-end delay and throughput of
the age-optimal NC-HARQ transmission scheme for both the
single-hop and dual-hop scenarios. Further, we evaluate the end-
to-end delay and throughput of the Fast HARQ and D-HARQ
schemes for the later comparisons.

A. Aol Evolution Model

We exhibit the evolution of Aol in the total dual-hop, the
first-hop and the second-hop under the tandem queue mentioned
in Fig. 1 for a detailed analysis as shown in Fig. 3(a), (b) and
(c), respectively.

As shown in Fig. 3(a), file 1, file 3 and file 5 arrive steadily at
the ground device S at ¢, t4 and ¢, and succeed to be decoded
in R at t,, t¢ and ;3 and succeed to be decoded in D at ts, £y
and t4, respectively. File 2 owns a successful transmission in
the first-hop but fails its delivery in the second-hop. File 4 is
discarded due to the failed decoding in R.

The Aol of the first-hop transmission is shown in Fig. 3(b) in
detail. File 1 reaches S at ty, and then delivery to R under the age-
optimal NC-HARQ transmission scheme, and R successfully
decodes the file 1 at ¢,. File 2 arrives .S at ¢; when S is in B, and
it waits for the transmission of file 1 finished at ¢,, and begin
its transmission at the same time, then R recovers it at ¢3. File
3 comes at t4, while S is in Id, and it immediately begins the
transmission and finishes at 4. Nevertheless, file 4 comes at g
while S is in Id, and it fails to be decoded in R at ty. In the end,
file 5 arrives and begins its delivery at ¢;1, and is decoded in R
at ty3.

Then, the Aol of the second-hop transmission is shown in
Fig. 3(c). R performs network encoding to file 1 and forward it
at t,, and D successfully recover it at ¢s5. File 2 arrives R at 3
when R isin B, and it waits for the transmission of file 1 finished
atts, and begin its transmission at the same time, but it fails to be
decoded in D at ;. Similarly, file 3 arrives R at ts when R is in
B, and begin its transmission at ¢7, and D successfully recover
it at ¢1o. File 5 comes at ¢;3 while R is in Id, and it immediately
begins the second-hop transmission and finishes at ¢ 4.

B. Evaluating Average Aol and Peak Aol

Let Tf and wf denote the end-to-end delay and wait time of
file 7 at the -hop (( = 1, 2), respectively. For example, the first-
hop and second-hop end-to-end delay of file 1 is T} = t, — t,
and le = ts — t,, respectively. Let T; and W; denote the end-
to-end delay and wait time of file ¢ in the dual-hop transmission
queues, thus, W; = w! 4+ w?, where w} and w? are the waiting
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Fig.3. The Aol evolution sample path of first-hop, second-hop, and the whole
dual-hop age-optimal NC-HARQ transmission scheme with file loss and discard.
(a) Aol evolution model of the dual-hop. (b) Aol evolution model of the first-hop.
(c) Aol evolution model of the second-hop.

time of the first- and second-hop, respectively. We define the
time interval between the files ¢ — 1 and ¢ as X; (z > 2), and
Xf denotes the time interval between the files ¢ — 1 and ¢ in
the ¢-hop. The system time of the total two-hop transmission
of file ¢ is denoted as Y;, where Y; = W, 4 T;. Specifically, in
the first-hop, we have Y;' = T 4+ w], and in the second-hop is
Y? = T? + w?. Also, we define the areas under the trapezoid
regions as (Q;, which is in the same order of the files arriving
steadily at S. Specifically, the blue shadowed area depicted in
Fig. 3(a) shows the increasing of Aol when a file is failed to
decode and then discarded.

According to the definition of average Aol without consider-
ing the file lost in [17], we have

A=nE[Qi]=n <E (XY +E B (X})ZD . (6)
and

E [2 (X;)Z} =5 7)
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In practice, the average Aol increases when file is failed
to decode during the transmission. As shown in Fig. 3(c), an
additional areas (9} is resulted from the file 2 lost, then the area
of trapezoid resulting from the lost file 2 can be expressed as:

1 2 1
=0+ @@= Brxi+ X)) - S (1)
(®)
Therefore, let QEI) denote the area of trapezoid caused by one
file lost before we receive file 7 in the Aol evolution model,
which can be expressed as:

QEI) =Qi+ Qi1 +Q;_,
2 1 2
—5 (i)~ )

More general, the areas resulting from n files lost before we
receive file ¢ can be expressed as:

1
=3 (Yi+ X! +Xi)

n

an) _ Z |:XZIJY; + % (Xllj)zi| + Z Z Xil,inlfl.

=0 =0 1=0,1]
(10)

Let €5, and €5, denote the FER in the first- and second-hop
transmission, then the reliable transmission probability of file @
through dual-hop transmission can be denoted as:

Z(i) = (1 —e5,) (1 —es,) . an

Note that the system time Y; and the interval time X are all
stochastically identical, Thus, the time interval X/, X! | andY;
in (9) are all independent. Since the transmission of each file is
independent, and the reliable transmission probability of deliv-
ering a file is expressed in (11) and Z(¢) € (0, 1], the average
Aol then can be expressed as A >~ Z(i)(1 — E(z))”]E[QE”)]
Therefore, combined with (10) and the properties of the Hypo-
exponential distribution [33], the average Aol in our system can
be further expressed as:

o0

Ac =21 E@)(1-E@0)" - (E [X)Yi] +nE [X] Y]]

1 1 /1-23)\°
- 12
() 1
From (12), we can find that the crucial part in the closed-form
expression of average Aol is deriving E[X]Y;] and E[Y;], which
can be further expressed as

ElY;] =BE[W;+T)]=FE[w +w; + T/ +T7], (13)
and
E[X]Yi] = E[X] (Wi +T))]
=F[X]! (0w} +w;+T'+TH], (14

where T! and 77 are the end-to-end delay of the first- and
second-hop, respectively.
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First hop

3
Second hop

Fig.4. 4-state Markov chain of the dual-hop transmission, where the first-hop
is a two state Markov chain and the second-hop is also a two state Markov chain
depends on the state of the first-hop.

We can construct two discrete Markov chains to analyze
E[X]Y;] and E[Y;]. Note that the independent variables w),
w?, T} and T? all follow the exponential distribution with mean
value 1/p¢, ¢ =1,2.

Therefore, in the first-hop, when the file ¢ steadily arrives at
S, it may find S is in the state B or Id, which can be denoted
as ©!, and we have ©! = {Id, B}. This can be established as
a two-state Markov chain. In the second-hop, the state of R
can also be denoted as ©% = {Id, B}, and the main difference
is the interval time of the consecutive files arrival. Then, a 4-
state Markov chain for the dual-hop transmission is illustrated
in Fig. 8.

In detail, the arrival interval time of the first-hop is X} = %
However, the arrival interval time of the second-hop depends
on the state of the first-hop, which can be expressed as X? =
X! +Y! = V! Therefore, the average Aol for the first-hop
transmission can be directly expressed as

A=2x f:El(z) (1-2'(1)" - (B [X1V']+nE [X]| Y]
n=0
+2e [+ (5) X
Iy1 1 EI(Z) 1
=ME[X]Y]] + =10 B Y]]

15)

where =!(i) = 1 — €5, represents the successful probability of
file < in the first-hop transmission, and we have
1 n Al N
1
M g ()
N 233
(4 p1)” (O + 2+ 423)

£t - (

(16)

and

B[] =E[ | KL, =(B) P}

K3

+E[Y] | Ky =(Id)] Py
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The expression of average Aol for dual-hop transmission in
the closed-form is further derived as (18) shown at the bottom
of this page, and the detailed derivation is given in Appendix B.

Moreover, for the peak Aol (PAol), based on the definition
in [14], we have
Apaor = E[Xi + Ya], (19)
where ¢* is the latest file arriving at the queue in a given ser-
vice period. Therefore, we have E[X;- + Y;| = %
where ||;—;- is the indicator function of whether a given file is the
freshest in a given period, and Pr(i = ¢*) refers to its probability.
Similar to the above analysis of average Aol, we extend the PAol
to a practical case by considering the file loss, and we have

[ee}
r— . r—
— —
;_4 ._4
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Mooy (A ) (A3 A+ )

A (A + Aqp) .
)\.l + p1) 2 (A + A1 pi +,u1)
(1-='@)

S MENE)

The closed-form expression of the PAol of dual-hop can be
derived as (22) shown at the bottom of this page, and the
derivation process can also be found in Appendix B.

A+ M+ g
(A + )

+ 2

C. End-to-End Delay and Throughput of Age-Optimal
NC-HARQ Transmission Scheme

The end-to-end delay Tf contains the data buffering time,
HARQ feedback delay, propagation delay and the decoding time
in ¢-th hop transmission. Let T}, denote the data buffering
time, Dy denotes the HARQ feedback delay, T}, denotes
the propagation delay and C(-) denotes the decoding time.
Therefore, the end-to-end expected delay of the NCnr-HARQ
and NCor-HARQ relay modes in the first-hop can be expressed
as:

(- =) TNenr = XTpack + Df + 01 Tpop +C (81),  (23)
=1
= E2Xs + Yi] =0 E[X; 1] and
(20) T[IVCOT' = XTpack + Df + 61Tprop +C ((S])

By utilizing the 4-state Markov chain analysis, the closed-
form expression of the PAol for the first-hop can be expressed +e5, - (0r = 01) Tyrop +C (05, — 1)), (24)

A 1 A 2233 1 A

A= I 1 Pt . 21M1 —+— 1121

Ay (A A+ ) (i) (M +rm+u3) B2 o () (4 p2)” (1 — p2) (1 + o)

.<1 Mg (A +2p) It l >+ Py AMu
(M ) +pofp —pa) - (A + ) —p2)  ptpa ) 1+PF—=PF () (4 p2) (1 — 2 )+ pa2)
2 2/.L2 2)»1#1 ()\1 +2/J1) 1 2/12 1251 2 M1+3M2
X T2 _ 2 i — “\a T2 2 + X _ o T 2_ 2
ttpe opr = (M) () (= p2) ttpe pp =) () —pe) \Mitpe pi—ps
A 2 -3 1 1 /1-23)\> 1-2(G) 1+2P}—P}
n 1 ( +M12 1122)>+ _ _’_(_()) + () 22 42 (18)
prt e \A+pe py— AE() A\ E( E(@)  w(1+P}-P})
2 1 k(-8 am) MOt rm) | Mg
Apaor —+—+ 2 2y 22 2
Ao a ) (B ) ) (03 am ) ) e (a )
1 1 1 — P? 1 1 P2
(o) et (1)
peo o C) 14 P2—P2— (P2} \t2 i 1+ P} — P2 — (P2)
(1-E2(@))
+— (22)
)Ll.:(l)
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Fig. 5.

Trellis diagram of the first-hop.

where §; and €5, in (23) and (24) are the estimated J; NC packets
and FER after §; NC packets transmission in the first-hop over
the SR fading channel, which can be denoted as:

6=x/(1—Pg)

=x/(1-0-R)")

m—1 max(M/4,1) 1
=x/|1- Z by Z —
k=0 j=1 3
k
1 1 1 1
— — - - F(U) L 5
<77k+1 m ; 7! zzfvbglnkfz—‘rl (1 + n/bi)v )) )
(25)
and
X . .
g5 =C} Y (1—Pp)X'Pp, (26)

i=1

where Pp =1 — (1 — P,)" is the packet error rate, L is the
packet length. For the NCor-HARQ relay mode, S can get
the precise CSI s;, from the delayed feedback and prepare the
one-time retransmission. Specifically, we can calculate d 7, for
reliable transmission through substituting Pe = Pes, in (25).
Then, we canset Pe = Pes, andd = dp, in(26) to calculate &,
for (24), which is the FER after 6 ;;, NC packets transmission.
The definition expression of throughput for the two relay
modes in our age-optimal NC-HARQ transmission scheme is

T:X(l—CNc)’
T

27

where (v ¢ is the error probability in our age-optimal NC-HARQ
transmission scheme, and 7 is the expected transmission delay.

In our age-optimal NC-HARQ transmission scheme for the
dual-hop satellite-integrated Internet communication scenario,
we use two trellis diagrams to analyze throughput in the first-hop
and second-hop as shown in Fig. 5 and Fig. 6. In Fig. 5, each state
J = j represents S has sent K — j NC packets for the reliable
transmission of a file, if R can successfully recover this file, R
can re-encode at most K + j NC packets to forward this file to
D. Therefore, we can see that before the first-hop transmission,
the system is at the state J = 0. After the first-hop transmission,
the system could be at one of K — y + 2 states including the
J = Oand error state. If the receiver fails to decode the messages
after the first-hop transmission, then the system transits from
state J = ¢ to the error state. The state transition matrix for the
first-hop of our age-optimal NC-HARQ transmission scheme
canbe expressed as Py = 700, o1, -- -, To(K—y)s Toe)» Where
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Fig. 6.

Trellis diagram of the second-hop.

the transition probability 7;; is the probability of transiting from
state J = to J = j, and we have mo; = ex_;_| — ex_j, for
0<j <K —y,and my. = i . Thus, we have:

Ne(K K — ) = ek

Similarly, Fig. 6 shows a trellis diagram of the second-hop
age-optimal NC-HARQ transmission scheme. The system could
in any state except J = error at the beginning of the second-
hop. Therefore, the transition matrix of the second-hop trans-
mission can be expressed as:

(28)

00 To(K —x) Toe
P = : (29)
7T(Koﬂc)o T T(K—x)(K-x) T(K-x)e

Then, we suppose that the stationary probability distribution is
Pstate - [GOa Ay, ~ AK—x+1 ] Note that ]DstatePZ == Pstate’ and
we have:

QoK K —x) = ak_y41- (30)

Thus, we can express the total throughput of the dual-hop
age-optimal NC-HARQ transmission scheme as:
X(1—ex) (1 —ak—y+1)

TNC = .
T

€19

Thus, Tncnr can be derived through letting 7 = 7o,
which is expressed as (32), and T ¢, can be derived through
T = TNCor, Which is expressed as (33) shown at the bottom of
the next page.

TNCnr = 2XTpack + Df + 61Tprop
+ (C (6]) + 52Tprop + C ((52) . (32)

Furthermore, the dynamic upper limit K; of NC packets can
be expressed as:

K—x+1 K—x+1 K—x
K, = Z a;mie (K +1) + Z Zaﬂij(KJFi*j)-
i=0 i=0  j=0

(34)

D. End-to-End Delay and Throughput of Fast HARQ

In the Fast HARQ transmission protocol [24], the end-to-
end expected delay in our dual-hop satellite-integrated Internet
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scenario can be denoted as

K
Trast = XTpack + Z Pr (G € 36) (6Tprop + C(9))
5=1
K-1 K
+ Z (Tprop + C(Z)) 0? 1
o=1 i=36+1
K-1 K-1 K
+ Dy <1+ZPr(Ges<‘)+ > e;\),
5=1 §=1 i=6+1
(35)
where
qé—]
Pr(Ge ) = / fsr(z)dz, (36)
(]6
and
qé—] 3 1 1 . X
0 — / fen(o) [ Vol Hf) N o
« 1= ey

and fsr(x) can be obtained in (1).
The throughput of Fast HARQ protocol can be expressed as

x(1 — Pr(error))

Npast = ——————, (38)
Tfast
where
o0 K (log(1 — X
Pr(error):/ fonl(©) VE (log(1 +2) %) |
0 1— —L_
(14)?
(39

Therefore, as for the analysis of the average Aol and PAol of
Fast HARQ, we can substitute (35) and (39) which can be seen
as the end-to-end delay and FER into (18) and (22), respectively.

E. End-to-End Delay and Throughput of D-HARQ

The expected end-to-end delay of the D-HARQ transmission
protocol [25] in our dual-hop satellite-integrated Internet sce-
nario can be denoted as

TDynamic = XTpack +Xpsltate (H o Y)Tm+2 (Tprop +Df ‘HC) y

(40)
where
700 *** T0"m T0e
I = , 41)
Tm0 *** Tmm Tme
Te0 *** Tem Tee
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TABLE I
SHADOWED-RICIAN FADING PARAMETERS

Shadowing b; Q; m;
Infrequent light shadowing (ILS) 0.158  1.29 20
Average shadowing (AS) 0.126  0.835 11
Frequent heavy shadowing (FHS) | 0.063  0.000897 1
and
EK—jyi-1 —E€K—j+i,0 <7 <m
T =~ l —exyiom,j=m ) (42)
0, otherwise
and
K K-1 - K—-m K
K+1 K - K—m+1 K+1
T - : : e : : ) (43)
K+mK+m—1--- K K+m
K K—-1 K—m K

and II o Y is the Hadamard product. Moreover, the throughput
of D-HARQ can be denoted as

X (1 - CDynamic)
ans/tate (HOA) 1m+2-
Similarly, based on the average Aol and PAol analysis of NCnr-
HARQ, NCor-HARQ and Fast HARQ, we can substitute the
end-to-end delay and FER into (18) and (22) to derive the average
Aol and PAol, respectively.

(44)

"I Dynamic ~

IV. SIMULATION RESULTS AND DISCUSSIONS

In this section, we present the theoretical and Monte Carlo
simulation results to evaluate the performance of our dual-hop
age-optimal NC-HARQ transmission scheme, and compare with
the Fast HARQ [24] and D-HARQ [25]. First, we simulate the
NCnr-HARQ and NCor-HARQ relay modes in different SR
fading parameters to show the effectiveness of our age-optimal
NC-HARQ transmission scheme, and the fading parameters of
infrequent light shadowing (ILS), average shadowing (AS) and
frequent heavy shadowing (FHS) are summarized in Table I. The
rest of simulation parameters are shown in Table II.

First, we present the Monte Carlo simulation results of BER
over SR fading channel with FHS, AS and ILS parameters
from Table I as shown in Fig. 7(a), and verify the accuracy of
(2). In Fig. 7(b), we present the simulation result of stationary
probabilities of good and bad states based on a threshold r; = 5
dB and validate the accuracy of (3) and (4).

In Fig. 8(a), we compare the simulation of our derived closed-
form BER expression in (2) with the related expression (38)
in [35], which validates the accuracy of our derivation to the
BER of SR fading channel. Further, in order to validate the
age-optimal NC-HARQ transmission scheme can enhance the

TNCor = 2XTpack + 2Df + 51Tprop +C (51) + €5, - ((6F1 - 5])Tprop +C (51‘_'1 - 61))

+ 52TPYOP +C (52) +Es, (((st - 52) TPFOP +C (6Fz - 62))

(33)
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TABLE II
SIMULATION PARAMETERS

Parameter Value
The SR fading parameter in the second-hop | bo = 0.053
Bandwidth B =400 MHz
Path loss exponent a=25
Noise density No =-174 dBm/Hz
The constant coefficient associated with the A=2
power amplifier -
Distance d = 600 km
Feedback signal propagation delay D =2ms
Packet processing delay C(1) = 0.25 ms
Packet data buffering time Tpack = 2.5 ms
Data transmission rate Rgaqtqa = 100 Mbit/s
File size Fs = 4 kbyte
10°
=
54
a
Q
=
~
=
2
Bad SNR
210 | BER with FHS
m ———BER with AS
| |[——BERwithILS
10 Good BER
O Simulation
108 ‘ ‘ ‘ ‘ ‘ |
0 5 10 15 20 25 30
SNR (dB)
(a)
>3
good state in FHS
0.9 - bad state in FHS
X simulation of good state in FHS
0sl A Smlaton ot b e m S
good state in AS
071 ls]lzxﬁusl‘:r‘lco:a"o‘;\sood state in AS
8 simulation oflb;ad ‘Sate in AS
0.6 good state in ILS
X bad state in ILS )
Eos Y nionet s ails
0.4
03
0.2
0.1
> b
0 5 10 15 20 25 30
SNR(dB)
(b)
Fig. 7. The derived BER of SR fading channel under FHS, AS and ILS

fading parameters, and the stationary probabilities of good and bad states with a
threshold 4 = 5 dB. (a) BER versus different fading parameters. (b) Stationary
probabilities versus average SNR.

reliability with physical layer error control techniques in the
dual-hop satellite-integrated Internet transmission, we utilize the
FEC and modulations in DVB-S2 to our age-optimal NC-HARQ
transmission scheme [34], and also change the number of redun-
dant packets K in two relay modes. The Monte Carlo simulation
resultin Fig. 8(b) shows that our NCnr-HARQ and NCor-HARQ
relay modes have great potential to improve the BER with
powerful FEC in DVB-S2, and by increasing the number of
redundant packets. Note that the uncoded NCnr-HARQ scheme
with K = 0 is only transmitting the information bit, thus it has
the same BER performance as the SR fading channel with FHS in
Fig. 8(a), and we discuss the effects of K in the later simulations.
Moreover, the concatenated FEC consists of an outer BCH code

10675

10°

—6— Eq.(38) in [35] with FHS and single antenna
—+—Eq.(2) in this paper with FHS and single antenna

3

Bit Error Rate (BER)
3

0 5 10 15 20 25 30

SNR (dB)

(a)

104 == Uncoded NCnr HARQ scheme with K =0
=—4— Uncoded NCnr HARQ scheme with K =2
—P— NCnr HARQ in DVB-S2 with 8PSK. coding rate 8/9
=—#— NCnr HARQ in DVB-S2 with 8PSK coding rate 2/3
—#— NCnr HARQ in DVB-S2 with 8PSK. coding rate 3/5
10 b | —%F— Uncoded NCor HARQ scheme with K = 0
== Uncoded NCor HARQ scheme with K =2
NCor HARQ in DVB-S2 with 8PSK coding rate 8/9 \
NCor HARQ in DVB-S2 with 8PSK coding rate 2/3
NCor HARQ in DVB-S2 with 8PSK coding rate 3/5

Bit Error Rate (BER)

N

0 5 10

SNR (dB)
(b)

Fig. 8. The end-to-end BER performance under SR fading channel with FHS,
and our NCnr-HARQ and NCor-HARQ modes with FEC in DVB-S2. (a) The
derived BER of SR fading channel. (b) BER performance comparison of NCnr-
HARQ and NCor-HARQ with FEC in DVB-S2.

and an inner LDPC code, and the total length of code block
is 64800 bits, and the simulated code rates are 3/5, 2/3 and
8/9. In addition, each code block follows an interleaver with
21600 rows and 3 columns before the 8PSK modulation. As
shown in Fig. 8(b), the end-to-end BER of NCnr-HARQ and
NCor-HARQ can be decreased to about 10~% at 15 dB, when
we utilize a standardization 3/5 concatenated FEC with §PSK
in DVB-S2. Thus, to clearly reveal the difference and advantage
of our proposed NCnr-HARQ and NCor-HARQ modes than
other related HARQ schemes in dual-hop satellite-integrated
Internet transmission, we simulate the age-optimal NC-HARQ
transmission scheme itself without the DVB-S2 in the following
comparisons.

In Fig. 9, the Monte Carlo simulation result shown that the
NCor-HARQ mode can decrease the BER faster than that of
NCnr-HARQ mode as well as the SNR increases under FHS.
In addition, as aforementioned, the NCnr-HARQ with K =0
means that there is no redundant packet during the transmission,
thus, the BER of NCnr-HARQ with K = 0 equals to the BER
of SR fading channel. On contrast, the NCor-HARQ relay mode
has one-time retransmission, which can significantly lower the
BER as shown in both Fig. 9(a) and Fig. 9(b). Moreover, the
BER of NCor-HARQ mode is significantly lower than that
of NCnr-HARQ mode under both ILS and AS fading levels,
which means the NCor-HARQ mode can greatly improve the
BER performance if the channel fading is not heavy. Thus,
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104;\9\\6
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Fig.9. BER of NCnr-HARQ and NCor-HARQ modes under FHS, ILS and AS

SR fading parameters, (a) without redundant packet, and (b) with one redundant
packet.
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simulation of NCor-HARQ pack=4
/A NCnr-HARQ pack=4
simulation of NCnr-HARQ pack=4
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0.008/ — simulation of NCnr-HARQ pack=5

—
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SNR

0.012

Delay(s)

0.006

0.004
10

Fig. 10. The single-hop expected delay of NCnr-HARQ, NCor-HARQ with
different number of packets.

to show the difference clearly of our proposed NCnr-HARQ
and NCor-HARQ modes in dual-hop satellite-integrated Internet
transmission, we use the FHS parameters in the rest simulations.

In Fig. 10, we present the Monte Carlo simulation results to
validate the accuracy of theoretical derivations of end-to-end
expected delay under NCnr-HARQ and NCor-HARQ modes in
(23) and (24), respectively. It is worth noting that the single-hop
end-to-end expected delay of NCnr-HARQ mode is significantly
lower than that of NCor-HARQ due to the one-time retransmis-
sion. We can further observe that when the SNR increases or the
number of packets decreases, the delay of both NCnr-HARQ
and NCor-HARQ decrease uniformly.
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Fig. 11.  The single-hop and dual-hop expected delay of NCnr-HARQ, NCor-
HARQ, Fast HARQ, D-HARQ with respect to SNR. (a) Single-hop expected
delay versus transmission SNR. (b) Dual-hop expected delay versus transmission
SNR.

Next, we provide the Monte Carlo simulation results of ex-
pected delay for our NCnr-HARQ and NCor-HARQ modes,
and compare to the Fast-HARQ and D-HARQ schemes under
single-hop and dual-hop transmissions in Fig. 11 and Fig. 12
with respect to different SNR and BER, respectively. We can
observe that the proposed age-optimal NC-HARQ transmission
schemes have lower end-to-end delay than that of the Fast HARQ
and D-HARQ schemes, and the NCnr-HARQ mode has the
lowest end-to-end delay. Specially, our proposed NCnr-HARQ
mode results in 46.9% relative end-to-end expected delay gain
in the single-hop transmission compared with the NCor-HARQ
mode. Moreover, in the dual-hop transmission, the end-to-end
expected delay gain rises to 50.7%, which obviously illustrates
the higher efficiency of our dual-hop age-optimal NC-HARQ
transmission scheme. The main reason is that the NC packets
in our age-optimal NC-HARQ transmission scheme can help
to reduce the feedback and retransmissions as the LEC than the
Fast HARQ and D-HARQ schemes. Moreover, the NCor-HARQ
relay mode performs one-time retransmission when any packet
is lost, which would cause a significant higher end-to-end delay
than that of the NCnr-HARQ relay mode due the non-trivial
propagation latency from S to R and D.

In Fig. 13, we provide the Monte Carlo simulation results
of end-to-end dual-hop average Aol and PAol versus SNR for
our NCnr-HARQ and NCor-HARQ modes, and compare to the
Fast-HARQ and D-HARQ schemes. We also verify the accu-
racy of closed-form expressions of average Aol and PAol for
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Fig. 12.  The single-hop and dual-hop expected delay of NCnr-HARQ, NCor-
HARQ, Fast HARQ and D-HARQ schemes with respect to BER. (a) Single-hop

expected delay versus transmission BER. (b) Dual-hop expected delay versus
transmission BER
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Fig. 14. Dual-hop average Aol, PAol of NCnr-HARQ, NCor-HARQ, Fast
HARQ and D-HARQ schemes with respect to BER. (a) Dual-hop average Aol
versus transmission BER. (b) Dual-hop average PAol versus transmission BER

under NCnr-HARQ and NCor-HARQ modes in (18) and (22),
respectively. As shown in Fig. 13, our age-optimal NC-HARQ
transmission scheme has remarkable superiority on both of the
average Aol and PAol than that of the Fast HARQ and D-HARQ
schemes, especially when the SNR is less than 14 dB.

Moreover, we provide these Monte Carlo simulation results
of average Aol and PAol for the NCnr-HARQ and NCor-HARQ
with respect to different BER in Fig. 14, which clearly shows
the effect of end-to-end BER on the average Aol and PAol.
Note that the NCor-HARQ achieves better performance than the
NCnr-HARQ in both average Aol and PAol. This is because if S
and R perform NCnr-HARQ mode, and R or D fails to decode
with the under estimated NC packets due to the bad channel
condition, this file would be discarded and cause a higher average
Aol and PAol, which leads D to wait for another successful
transmission to update the Aol.

We compare the throughput performance of our age-optimal
NC-HARQ transmission scheme with the Fast HARQ and
D-HARQ schemes in Fig. 15 in the end-to-end dual-hop
satellite-integrated Internet communication scenario. Similarly,
our age-optimal NC-HARQ transmission can utilize the NC
packets as the LEC to reduce the feedback and retransmis-
sions, which can achieve lower end-to-end delay to increase
the throughput than the Fast HARQ and D-HARQ schemes.
Last but not least, the NCnr-HARQ relay mode has the highest
throughput as shown in Fig. 15, this is because R and D with
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NCnr-HARQ mode could receive more packets in the same end-
to-end delay without waste the non-trivial propagation latency
for the one-time retransmission in the NCor-HARQ mode.

V. CONCLUSION

In this paper, we have proposed an age-optimal NC-HARQ
transmission scheme in the dual-hop satellite-integrated Inter-
net communication scenario to improve the Aol, end-to-end
delay and throughput metric compared with the state-of-the-
art HARQ transmission schemes. We modeled the dual-hop
satellite-integrated Internet transmission as a two-hop tandem
queue, and introduced the age-optimal NC-HARQ transmission
scheme in the dual-hop tandem queue in detail. Then, we estab-
lished the Aol evolution models under the situation of single-
hop and dual-hop transmission, and derived the closed-form
expressions of Aol through setting up two-state and four-state
Markov chains. Moreover, we analyzed the end-to-end delay and
throughput of our age-optimal NC-HARQ transmission scheme,
and compared to the Fast HARQ and D-HARQ schemes. Sim-
ulation results validated the accuracy of the derived expressions
and showed that our proposed age-optimal NC-HARQ transmis-
sion scheme has better performance than the existing schemes.

APPENDIX A
DERIVATION OF BER EXPRESSION IN SR FADING CHANNEL

In this section, we derive the BER expression (2) of the SR
fading channel. Firstly, the BER of M-PSK with instant SNR r
can be expressed as follows [31], [35],

max(M/4,1)

Z Q(\/Zbk),

(45)

(k)

where £3; = max(log, M, 2) and b, = sin

Then, based on the PDF of SR fading dlstrlbutlon in (1) and
the BER of M-PSK in (45), the BER of the SR fadlng channel
can be derived through calculate P. = [ f(r)P.(r)dr, and we
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have:

jo / F(r)P.(r)dr

max(M/4,1) (

) m
/éM ; Q(\ﬁb’“) 20y 2b:rr(L)TQ>

T 1 Q
. ——— | F 1
o (~3iz) 71 (3 (i e ) )

(46)

where

1 Q
F (ms1;
o (m’ " 2boy ((2b0m+9)>T>

k
) ril_:l (=D)*(1 —m)y ((Izjo)»; (m) r) . @)

Therefore, we have

P, = /f(r)P r)dr

oo m—1
= e Wﬂk
[ E oy

50 2 max(M/4,1) 1 -
X — e~ 2 dtdr
/\/Hbj Em ; V2T
max(M/4,1) 1 t2

>

_ /OO 2
o Sm
/ / Z ae‘"’"ek o drdt,

DR (1)
where 6;, = =D S! m)k (ﬁ2b072+9)k' Thus, we can finally

get the derivation of BER in SR fading channel as follows:

7=

(48)

o0 2 maX(M/4!1)1 mel
De = — ez ab
[& X &= L

1 z’“: 1 a
— — € J —_——
nk+1 —~ il Zzbglnk:—z—&-l

max(M/4,1) 1

1 1
RN —— — B - . 'UF ?
(nk+1 \/ﬁ ; Il 217"55177’“7“'1 (1 + T]/b?) (U)]
(49)

_ 1 2bym m
where ov = 2b07(2b0m+52) > 1

the Gamma function.

[ |y — 2i+1
— (2bym+Q2)y’ T T
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APPENDIX B
DERIVATION CLOSED-FORM EXPRESSIONS OF AVERAGE
Aol AND PEAK AOI

In this section, we derive the average Aol expression (18)
and average peak Aol expression (22) in closed-form through
using the four-state Markov chain in Fig. 6. First, we obtain the
transition probabilities for the first-hop:

Py =Pr[0; =(B)|6;, = (Id)]

A
= Pr Xl < T‘l_ - 9 50
[ [ i 1} )\1+M1 ( )
and
Pl =Pr[6! = (B)| O, =(B)]
A (A +2
= PI' I:Xll < w;71 + Tilil} - 1(174—‘”21)7 (51)
(A1 + per)
and
Al
Pl=1-Pr(X!<T!,)=1- ; (52)
1 ( ) A+
and

A (A 2
Pl - Pr(X! <Th, tul ) =1 it2m)

(k1 + )’
(53)
The state-transition matrix can be denoted as:
Pll P21 Mljrlm Mil/ll
T(l) = {Pl Pz‘l] - ( Hi )2 dr (ki 42p1) 54
3 PR (a+m)®

The stationary probabilities can be calculated as P} =

2 2
My 1 Atrp !)1 _ )
MArm+pl ™ B 7 3 hm+ud 1 = Pr[©; = (1d)],

Pl = Pr[O} = (B)].

where

10679

The state-transition matrix of the second-hop is T(2) =

P} P? . —_
[ Plz P22 . The stationary probabilities are denoted as P2 =
3 14
P pp_ IR
1+ -pP2 " 1 — 1T+PI-F2"

Rzecaﬁ (15) and (126) (;an be further expressed as:

BIXY) = (E[X!Y] + B [x!V?))
= (B[XY] | Kl =(B)] Pp
+E XY | K], = (Id)] - P)
+(B[X)Y? | KL, = (B)] - P
+E [X]Y? | K}, = (Id)] - P}), (57)
and
Bl = (E[V)] +E[Y?))
= (B[Y]' | Ki_, = (B)] - Pg
+E[Y' | K| = (Id)] - P})
+(E[Y? | K7, =(B)] - Pj
+E Y7 | K, = (Id)] - P7). (58)

First, we analyze E[X!Y | ©S | = (Id/B)] in the first-hop.
When ©5 | = Idand ¢ = 1,if X} > T} , then Y;' = T and if
X} <T! | thenY;' = T} + w]. Therefore, we have

E[x!V!| 0l =(1d)|=F [X!T/|+E [ Xlwl|y, . |

=F [Xf] E [Tf] + F [Xl.lwzlewlxg}

Similarly, the transition probabilities for the second-hop are = 1 + i 5 (59)
derived as (55) and (56), both shown at the bottom of the page. A g (b A+ )
Py =Pr[0; =(B) |07 = (Id)]
=Pr[X] + T T, <TP, ] Pl +Pr[X] + T} +wj — T\, —wj_ <T7,] Py
+Pr (X! + T -7 —wl | <T2 | P +Pr[X] + T +w, - T, <T7 ] P,
_ A + At (M +2um)
(A4 p2) (1 + p2) (1 = p2) e+ 1) (M + ) (1 + p2)” (o — p2)” (ot + )’
A 5 )"2 3
]‘LLI 1#’1 (55)

ot 72) (i - 72) (o — ) o + i)
PP = e [0} = (B) |62, = (B)

(A1 + p2) (A1 + ) (1 = p12) (g + p12)°

_ s ( 11
(A1 A4 p2) (pr + p2) (1 — p2) (A1 + 1) \ A1+ g2

A

Il 3#%) N Apt ( +2m)
i = 1
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il G A B 1)
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When @il = Band ( = 1, we have
E[X}Y]' |6, =(B)]

=F[X/T!|+E [Xilwil|X}<T1},l+“’i]

—E[X|E[T})]+E {X;w; (e—mx; N ulxge*mx:)]
_ 1 + )\,1 + 2)\(1
My a )t )

Then, we analyze the second-hop ({ = 2). When @?_1 =1d
and ¢ = 2,if X7 > T? , then Y = T7 and if X} < T? | then
Y? = T? + w;. Therefore, we have

E[X]Y? |6}, = (Id)]

(60)

= B[X!T}] + B [ X/} 2 g |

= B [X])E[17] + B [Xlufe ]

_ L A _

P (M A ) (4 p2)? (= ) (i1 + o)
(1 n Mpn (A +2m)
(A1 A+ 1) (1 + p2) (1 — p2)

+ i P ) . 61)
M+ ) (o —p2) o+ 2

When 9?_1 = B and ( = 2, we have

E[X]Y? 6], =(B)]

=F [XilTiz] +E [Xilwﬂka? l+w2.:|

=EX]E[T]+EB {Xilw% (67“2){3 + ,uzXfe*uzXfﬂ

I M
L+ PP = Pp (g + 1) (M + 12)” (1 — pa2) (1 + p12)
2 - 21 2001 (A1 4 2p1)
MApr g3 () (4 p2) (i — o)

21 .U%

1
: - +
<A1+u2 u%—u%) (A1 + 1) (1 — p2)
( 2 u1+3u2)
M+ opi— 3

P — 3o
L ) :

)
Similarly, we analyze E [YZC | @lﬂ] = (Id/B)] in the first-

hop. When ©¢ | = Idand ¢ = 1, if X! > T} | then Y;' = T!
and if X! < T! | then V! = T! + w]}. We have

(62)

Al ( 2
_|_ .
1t \ A+ 2

B[y 0L, =Ud)] =BT +E vl n |

(2

=E[T/|+E [w%eil“xl]
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1 1
-4+ - 63
g (At ) ©3)
When 6571 = Band ¢ = 1, we have

E[v! 0L, = (B)
=FE [Til] +E [wHXKT; ,+w§}

= B[] + B [l (e 4 o))

7

1 1 A
=—+ + . (64)
pr () (A +m)?

Then, when it comes to the second-hop (¢ = 2), we have

EY?| KLy = (B) =BT+ B [0l |

- 1+ 1) (£ ] i)

— i + LP‘%, 65)
H2 H2
and
E[Y? | K., =(Id)] =E[B]+E [wgewzxz}
= +—F. (66)
M2 p2

For the analysis of PAol, we first evaluate E[(2X; +

Yi)lli=i | K;—1(Id)]. In the first-hop, if@lt1 = (Id) and Xi1 >
T! | thenY! =T};ifO! | = (Id)and X} < T} |, thenY}! =

T} + w}. Due to the fact that the state of file i — 1 is Id, we have
Pri(i = i* | ©) , = (Id)) = 1. Therefore, we have
E[(2x] +Y!) iz | 01 (d)]
=E[2X]+T{]|+E [w%|xg<Tﬁ*1}
2. 1, n
Moo (A )

In the second-hop, if © | = (Id)and X7 > Ty~ (X7 = X +
V! —Y' ), thenY? = T3;if©2 | = (Id)and X? < 75", then
Y? = Tj + w?. Similarly, with Pro (i = i* | ©2_, = (Id)) = 1,
we have

E [V |z | ©7_,(1d)]

(67)

. 1 1
_ 7 2 ) _ - p2
= E(13) + E [w}] yore ] PR

Next, we evaluate E[(2X; + Y;)|li=i+ | ©;-1(B)]. Whenitis in

the B state (8] | = (B)) in the first-hop, if X} > T+l ),

then ;' = T7; else (w)! | < X} < Tj™' +w) ), V! =T} +

w}. Moreover, if the interval time X < w]_,, then the indicator
function satisfies ||;—;+ = 0, and we have Pr(i =i* | ©)_, =

(B)=1- M:-lm . Therefore, we get

(68)

E [(ZXJ + Yil) iz | @;71(3)]

=B[ex!+1) (1-e¥)] + B [wlux]e ]
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2 1 A A

=Sy - . (69)

Moo o Ga ) (A )

When it is in the B state (0! | = (B)) in the second-hop,

?

if X7 > Ty +wl (X7 =X!+Y!' =Y}, then Y? =T};
else (w? , < X2 < Ty '+ wk)), Y?=Ti+ w?}. Therefore,
we have

E [V ||i=s

0;_,(B)]
=F [TZZ (1 — e”“Xf)} + FE [wf,uzXfe”“X%]

1 1
=— —— (2P} - P?).
M2 ,uz( 2 4)

(70)

Therefore, we can get the average Aol (18) and PAol (22)
through the above derivation.
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