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Cost Analysis of Short Message
Retransmissions

Sok-lan Sou, Member, IEEE, Yi-Bing Lin, Fellow, IEEE, and Chao-Liang Luo

Abstract—Short Message Service (SMS) is the most popular mobile data service today. In Taiwan, a subscriber sends more than 200
short messages per year on average. The huge demand for SMS significantly increases network traffic, and it is essential that mobile
operators should provide efficient SMS delivery mechanism. In this paper, we study the short message retransmission policies and
derive some facts about these policies. Then, we propose an analytic model to investigate the short message retransmission

performance. The analytic model is validated against simulation experiments. We also collect SMS statistics from a commercial mobile
telecommunications network. Our study indicates that the performance trends for the analytic/simulation models and the measured

data are consistent.

Index Terms—Mobile telecommunications network, Short Message Service (SMS), retransmission policy, delivery delay.

1 INTRODUCTION

SHORT Message Service (SMS) provides a non-real-time
transfer of messages with low-capacity and low-time
performance. Because of its simplicity, SMS is the most
popular mobile data service today. Many mobile data
applications have been developed based on the SMS
technology [5], [6], [8], [9], [10], [11], [13].

Fig. 1 illustrates the SMS network architecture for
Universal Mobile Telecommunications System (UMTS) [1], [2],
[3]. In this architecture, when a User Equipment (UE) (called
the originating UE; see Fig. 1a) sends a short message to
another UE (called the terminating UE; see Fig. 1b), the
short message is first sent to the Originating Mobile Switching
Center (MO-MSC; Fig. 1d) through the originating UMTS
Terrestrial Radio Access Network (UTRAN; Fig. 1c). The MO-
MSC forwards the message to the Inter-Working MSC
(IWMSC; Fig. 1e). The INMSC passes this message to a
Short Message-Service Center (SM-SC; Fig. 1f). Following the
UMTS roaming protocol, the Gateway MSC (GMSC; Fig. 1g)
forwards the message to the Terminating MSC (MT-MSC;
Fig. 1h). Finally, the short message is sent to the terminating
UE via the terminating UTRAN. Due to user behavior and
mobile network unavailability (e.g., the user moves to a
weak signal area such as a tunnel, an elevator, a basement,
and so on), a short message may not be successfully
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delivered at the first time. If a short message transmission
fails, the SM-SC retransmits the short message to the
terminating UE after a waiting period. Retransmission
may repeat several times until the short message is
successfully delivered or the SM-SC gives up delivering
the short message.

SMS retransmission may result in huge mobile network
signaling traffic and long elapsed times of short message
delivery. Therefore, it is essential to exercise an efficient
SMS retransmission policy to determine when and how
many times to retransmit a short message to the
terminating UE. To address this issue, we propose analytic
and simulation models to investigate the performance of
SMS retransmission in terms of the expected number of
retransmissions and the message delivery delay. We also
collect measured data from a commercial UMTS system to
further analyze the performance trends on SMS retrans-
mission policies.

2 SoME FACTS ON SHORT MESSAGE
RETRANSMISSION

This section defines SMS retransmission policies, and
derives some facts on short message retransmission.

Definition 1. An SMS retransmission policy is an order set
s={a;|0 <i<I}, where I is the maximum number of
retransmissions and a; is the time of issuing the ith
retransmission. By convention, ay = 0 is the first time when
the short message is sent to the terminating UE. If the short
message delivery fails at the (i — 1)th retransmission, then it is
resent after a waiting period t,; = a; — a;_1, for i > 1.

Example 1. If s = {0, 5 mins, 10 mins, 20 mins, 1 hr, 3 hrs,
6 hrs, 12 hrs, 24 hrs}, then I =8, and ¢, 3 = 10 minutes
(=20-10). We note that after I retransmissions, the short
message will not be retransmitted, and the delivery fails.

Definition 2. Consider a short message delivered under policy s.

Denote T(s) as the last time when the short message is
retransmitted, and N(s) as the number of retransmissions.
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Fig. 1. The SMS delivery architecture.

In Example 1, if a short message is successfully delivered
at hour 1, then T'(s) = 1 hr and N(s) = 4.

Definition 3. A policy §' is a subset of another policy s (i.e.,
s Cs)ifforall bes', we have b € s.

To make a fair comparison of the retransmission
policies, we consider the same SMS network availability
condition concept (i.e., different policies see the same
connected /disconnected periods of a UE). In Fig. 2, the
time line shows the connected and disconnected periods of
a terminating UE, where the short message is successfully
delivered in the connected periods and cannot be delivered
in the disconnected periods. Let s = {0,a,a2,...} and
s’ ={0,b1,ba,...}, where s’ Cs, by = a;, by = a4, and so on.
In this figure, T'(s) = as and N(s) =4 for policy s. For
policy ', T'(s") = by and N(s') = 2.

Under the same SMS network availability condition, we
derive the following facts:

Fact 1. If s’ C s, then for every short message, we have

T(s) <T(s).

Proof. Due to the same SMS network availability condition,
if a short message is delivered under ¢/, then it can also
be successfully delivered at b under policy s. Further-
more, it is possible that the message is successfully

Originating UTRAN

Terminating UTRAN

delivered at some time a € s, where a < b. Therefore,

T(s)=a<b=T(s). ]
Definition 4. Consider two policies s' C s. For any time point

a € s, define the subset o(a) = {c|c < a,c € s,c & §'}. Denote

|o(a)| as the size of o(a).

Fact 2. For ¢’ C s, if T(s) = T'(8'), then N(s) > N(¢).
Proof. Since |o(T'(s))| > 0, ¢’ retransmits same or more times

than s before T'(s), and N(s) > N(s'). O

Fact 3. For ¢ Cs and T'(s) < T(s'), let b; = T(s"). There
exists b; € §' such that b; < T'(s) < T(s') = b;. Then, N(s) >
N(¢') if and only if |o(T(s))] > j — .

Proof. |o(T'(s))| is the number of retransmissions performed
in s but not in ¢/, and j — ¢ is the number of retransmis-
sions performed in s’ but not in s. Therefore, N(s) > N(s')
if and only if |o(T'(s))| > j — . O

Note that the condition |o(a)| < j—4 holds when the
SMS network experiences very short periods of outage
(and therefore, a policy that quickly retransmits the short
message is preferred). The condition |o(a)| > j— i holds
when the receiver of the short message turns off the UE
for a long period, but the status is not known to the
mobile network.

disconnected connected | disconnected  connected disconnected connected
A ShOI't. The short message is
message arrival retransmissions retransmission successfully
i retransmitted
: * >
policys 0 a a as ay
policy S’ bi=a, by=a, Time
€« tr,l4>|<'tr,2 —>|<7 tr,34>|<7 e
< 7(s) ' g

“_n

Fig. 2. Timing diagram for the connected and disconnected periods (

o” represents a short message retransmission).
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Fig. 3. Timing diagram for the short message retransmissions (“e” represents a short message retransmission).

Let ps(s) be the probability that s fails to deliver a short
message. If a short message is not successfully delivered
within I retransmissions, then the SM-SC stops resending
this short message, and the delivery fails.

Fact 4. Suppose that s’ C s, then p¢(s) < ps(s').

Proof. Directly from Fact 1, that is, if ' can successfully
deliver a short message at retransmission time b, then
under the same SMS network availability condition, s
can also successfully deliver the message at b. On the
other hand, s may successfully deliver a message at
time a €s where a¢s (ie., |o(b)] >0). Therefore,
pr(s) < ps(s'). O

3 ANALYTIC MODELING

This section describes an analytic model for investigating
short message retransmission. Specifically, we derive the
expected number of retransmissions for a message delivery
and the expected delivery delay. As described in Fig. 2, the
terminating UE cannot be accessed from the mobile
network in the disconnected periods, and the UE fails to
receive the short message. Fig. 3 redraws Fig. 2 to illustrate
the disconnected and the connected periods for a terminat-
ing UE. In this figure, t,; = 7.; — 74 is the jth disconnected
period, and t.; = 7441 — 7.; is the jth connected period,
where j > 1. Let t;; and t.; be random variables with
density functions fy(tq;) and fc(t.;), and the Laplace
transforms f;(s) and fi(s), respectively. In Fig. 3, a short
message is sent to the UE at 7y (741 < 79 < 71) and the UE
fails to receive the message. For a retransmission policy
s ={0,a1,as, ...}, the SM-5C retransmits this short message
to the UE at times 7, = 79 + a1, ™» = Ty + a2, and so on. The
interval between the (i — 1)th and the ith SMS retransmis-
sions is t,; = a; — a;—1, which is Exponentially distributed
with mean 1/A.

Suppose that the short message (re)transmissions occur
at times 7, 7, ™, ™ and 7. The terminating UE is
disconnected from the network at 7y, 7, 7, and 73. At 74,
the UE has reconnected to the network and successfully
receives the short message. From Definition 3, T'(s) = 74 — 7
is the delivery delay of the short message delivery, and
N(s) =4 is the number of retransmissions. In this section,
we derive the expected values E[N(s)] and E[T'(s)].

We consider the scenario where the network retransmits
the short message until the UE can successfully receive it;
that is, I — oco. We first compute the probability mass

function for N(s). Since the short message arrival at 7, can
be considered as a random observer of connected and
disconnected periods for the terminating UE, Pr[N(s) = 0] is
the probability that the UE is connected to the network at a
random observation point. Let the expected values for ¢ ;
and t;; be m. and my, respectively. From the alternative
renewal theory [12], Pr[N(s) = 0] is expressed as

me

(1)

The probability Pr[N(s) = n] can be derived using the
recursive method described below. Let J be the number of
connected periods occurring in period (7, 74). For N(s) > 0
and from (1), we have

Pr[N(s) = n]
= (1 =Pr[N(s) = 0])

X iPr[N(s) =n|J = j] Pr[J = j]

-~ \me +my

X f:Pr[N(s) =n|J = j] Pr[J = j].

(2)

The SM-SC performs the ith short message retransmis-
sion after an Exponential random time ¢,; with mean
Elt;;] = 1/X. Denote N(s,t) as the number of retransmis-
sions occurring in period ¢. Then, Pr[N(s, t) = n] follows the
Poisson distribution

Pr[N(s,t) = n] = {(%)n] oM

(3)

In (2), the probability mass function Pr[J = j] can be
derived as follows: For j>1, we first compute the
probability that no SMS retransmission occurs in the first
j — 1 connected periods t.;, where 1 < k < j—1, and then
compute the probability that an SMS retransmission occurs
in the jth connected period. For j =1, we only need to
compute the probability that an SMS retransmission occurs
in the t.; period. From (3), Pr[J = j] is expressed as
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-1
= { Pr[N(s,t.x) = 0]f(t pk)dtrk:|
1 te =0

X

| —]

1- / Pr[N(s, tc,j) = O}fc(tc7j)dtcwj:|
te;=0

Jj—1 o (4)
= { [ / e Mek f(’(t"=k)dtc,k:| }
k=1 [/ tex=0
X |: 7)\t(»,.j fc(tc_j) d tc,j:|
— [N

In the right-hand side of (2), the term Pr[N(s) = n|J = j]
is derived below. As shown in Fig. 3, {51 = 7.1 — 79 is the
interval between the time when the short message arrives
and when the UE is connected to the network again. Let
ra(ta1) and 7(s) be the density function and the Laplace
transform of ¢4, respectively. From the renewal theory [4],
t41 is the residual time of t;;. Therefore, we have

1309 = (5o )11 = £ )

For J=1, Pr[N(s) =n|J =1] is the probability that
n —1 message retransmissions occur in the #;; period.
From (3), Pr[N(s) = n|J = 1] is computed as

Pr[N(s) = n|J = 1]

/ )
t41=0

t41=0
s—/\:|

_[vm%ﬂv“m@
(n—1)! dsn1

For J=j>1and 0<[<n-—1, we first consider that
there are | message retransmissions occurring in the
jth disconnected period t4;, and n — [ — 1 retransmissions
occur in the first j—1 disconnected periods. From (3),
Pr[N(s) = n|J = j] is expressed as

Pr[N(s, tidyl) =n — 1}Td([d,1)dfd,1

Pr[N(s) = n|J = j]

n

M

{ , 70PT[N(S stag) = l]fd(td])dtdy}

r[N(s) =n—1|J =j—1]

HXO:{/T_O{ )\tdj):| —/\t(lvffd(td’j)dtd.j} @)

X Pr[N(s) =n—1|J=j—1]

iH.qvipm}

x Pr[N(s) =n—1|J =j—1]}.

XN
D-UC)

Equations (6) and (7) can be used to iteratively compute
Pr[N(s) = n|J = j]. Finally, Pr[N(s) = n| is computed by

substituting (4) and (7) into (2). For N(s)=1, (7) is
simplified to

Pr[N(s) = 1|J = j]
= (N Pr[N(s) =1|J =j—1] (8)

= (V£
Substituting (5) and (8) into (2) to yield
Pr[N(s) = 1]

— \me +my

X Z Pr
o ma TN AN i
_ (ma n md) ,_Zl{ b } (9)

X L= faWI = £ (W)

=1|J = 4] Pr[J = j]

e eyt

For N =2, (7) is rewritten as

Pr[N(s) = 2|J = j

[N T (s)
_;;{LT_}Pﬁﬁ_

)

X Pr[N(s)=n—1|J =j—1]} (10)
ooy |5
R LS I

Substituting (5) and (10) into (2), Pr[N(s)=2] is
derived as
Pr[N(s) =
_ (mﬁdm) ZPr =2|J = 4] Pr[J = j]
-5 “m: £ ”}
{82 Sesr
[ {df" } a

xi]—l SN }

([ a-rw
f“{z*";;?i;{z;;zfd“f
1_f<x15ﬁnkk
<[ |}
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TABLE 1
Comparison of the Analytic and the Simulation Results (Where Eft, ;] = 1/, t.; and ¢, ; are Exponentially Distributed, and m, = m,)
A EIN(s)] E[T(s)] ps(s) I =5)
(Unit: 1/m) Ana. Sim. Diff.” Ana. Sim. Diff. Ana. Sim. Diff.
0.1 1.0500 | 1.0495 0.05% 10.5000 | 10.4945 0.05% 1.970% 1.974% 0.21%
0.25 1.1250 | 1.1239 0.10% 4.5000 4.4966 0.08% 2.650% 2.656% 0.21%
0.5 1.2500 | 1.2498 0.01% 2.5000 2.4991 0.04% 3.890% 3.901% 0.28%
0.75 1.3750 | 1.3747 0.02% 1.8333 1.8324 0.05% 5.220% 5.218% -0.03%
1 1.5000 | 1.4984 0.11% 1.5000 1.4988 0.08% 6.580% 6.569% -0.17%
2.5 2.2500 | 2.2538 | -0.17% 0.9000 0.9015 -0.17% 14.230% 14.206% | -0.17%
5 3.5000 | 3.4984 0.05% 0.7000 0.6998 0.03% 23.130% | 23.192% | 0.27%
7.5 47500 | 4.7252 0.52% 0.6333 0.6323 0.16% 28.670% | 28.681% 0.04%
10 6.0000 | 5.9363 1.06% 0.6000 0.6014 -0.23% | 32.360% | 32.329% | -0.10%

* Ana: Analysis data; Sim: Simulation data; Diff: Difference

If ¢.; and t;; are Exponentially distributed, then (2) can
be simplified to

Pr[N(s) = n]
me(1+ Am,)" ™!

n

X
(mc + mg + Am.my

me + My

n
> , n>0,

and E[N(s)] is expressed as

E[N(s)]

Il
1M

(2

nPr[N(s) = 1]
() S

B (md) [mu + mg(l 4+ Am,)

me me +mg

mi(1+ Am,)""!
(me +mg + Amemyg

(13)
]
].

The expected delivery delay can be expressed as

E[T(s)] = Eltri] E[N(s)]. (14)

If ¢, ; is Exponentially distributed with mean 1/}, then from
(13) and (14), we have

(ﬂ) [m +ma(1 4+ Amo)|

ETG) =\ rep—

(15)

Based on (1) and (12), the probability py(s) that a short
message is not successfully delivered within I retransmis-
sions can be derived as

I
pr(s) =1-=Y Pr[N(s) =n]. (16)

n=>0
If t; and tq; are Exponentially distributed, (16) is
rewritten as
ps(s)

me(1+ )\mc)"fl
me + my

y

I
S
me + my 1

n=

(17)

mq
X
Me + Mg + Amemy

1 cme 1-¢
= — m —_— — [
Me + My d 1+dm./\1—-¢c/|
mg(1+Am,)

where ¢ = et mat ey *

The above analytic model is validated against simula-
tion experiments. Details of the simulation model are
described in Appendix A. Table 1 lists E[N(s)], E[T(s)], and
ps(s) values when the connected periods and the discon-
nected periods have Exponential distributions. Table 2 lists
the Pr[N(s) = n] values when the connected periods and
the disconnected periods have Gamma distributions. Both
tables indicate that the discrepancies between the analytic
results (specifically, (1), (9), (12), (13), (15), and (17)), and
the simulation data are within 2 percent.

4 NUMERICAL EXAMPLES

This section uses numerical examples to investigate the
performance of the SMS retransmission policies. We show
how the retransmission rate A, the expected connected
(disconnected) periods m.(m,), and the variances v.(vq)
affect the expected number E[N(s)] of the SMS retransmis-
sions (using (13)) and the expected delivery delay E[T(s)]

TABLE 2
Comparison of the Analytic and the Simulation Results (Where Elt.;] = 1/, ¢.; and t,; are Gamma Distributed, and m. = my = %)
Ve = Vg Pr[N(s) = 0] Pr[N(s) = 1] Pr[N(s) = 2]
(Unit: 1/)\2) Ana. Sim. Diff.” Ana. Sim. Diff. Ana. Sim. Diff.
0.01 0.50000  0.50001 -0.003% | 0.24260 0.24267 -0.027% | 0.12730 0.12724  0.051%
0.1 0.50000  0.50006 -0.012% | 0.22400 0.22399 0.003% 0.12510  0.12508 0.014%
1 0.50000  0.50002 -0.003% | 0.13650 0.13647 0.020% 0.09560  0.09558  0.024%
10 0.50000  0.49828 0.344% 0.03800  0.03804 -0.103% | 0.03210 0.03200 0.302%
100 0.50000  0.50029 -0.058% | 0.00660  0.00659 0.227% 0.00600 0.00597 0.517%

* Ana: Analysis data; Sim:

Simulation data; Diff: Difference
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Fig. 4. Effects of X and the ¢, ; distribution (v, = m? and v; = m?; Solid

lines: Exponential ¢, ;; Dashed lines: Fixed ¢,;). (a) Effects on E[N(s)].
(b) Effects on E[T(s)].

(using (15)). For demonstration purposes, we consider
Gamma-distributed ¢.; and t;;. Gamma distribution is
selected because of its flexibility in setting various parameters

—— k:0.5/md

— k=1/md

—— A=5/m ”

E[N(s)]
[e2)

Fig. 5. Effects of m./m4 and A (v, =

and can be used to fit the first two moments of the sample
data. From [7], the Laplace transforms of f.(.) and f4(.) are

1 m?2 /v,
1+ (UC/mC)S] '

1 m?{/v,;
1+ (va/ md)s}

o) = | "

Fito) = |

In (18), m?/v. and m?/v, are the shape parameters, and
ve/m. and vq/m, are the scale parameters. The effects of the
input parameters are described as follows.

Effects of the ¢,, distribution. Fig. 4 plots E[N(s)] and
E[T(s)] for Exponential and Fixed t,; distribution, where
ve=m2 and vy =m2 This figure indicates that the
performance of Fixed t.; (the dashed curves) is slightly
better than that of Exponential ¢,; (the solid curves).

Effects of the retransmission rate ). Fig. 4 shows that
E[N(s)] is an increasing function of A, which means that
|o(T(s))| > j — 4 in Fact 3. E[T(s)] is a decreasing function of
A (Fact 1). When X < 1/mg, E[N(s)] is not significantly
affected by the change of A\ and E[T(s)] significantly
decreases as A increases. Conversely, when A > 1/my,
increasing A significantly increases E[N(s)], but only has
insignificant effect on E[T'(s)]. Therefore, when X is small,
increasing A can significantly improve the E[T'(s)] at the cost
of slightly degrading E[N(s)]. When A is large, decreasing A
can significantly improve E[N(s)] at the cost of slightly
degrading E[T'(s)]. Fig. 4 indicates that 0.5/mq < A\ < 5/my
is the range that both E[N(s)] and E[T'(s)] do not degrade
significantly when A changes.

Effects of the availability ratio m./my. Fig. 5 plots
E[N(s)] and E[T(s)] against m./mg, where v. = m?, vy = m2,
and t,; = 1/\ is fixed. This figure shows trivial results that
both E[N(s)] and E[T'(s)] decrease when m./m, increases.
The nontrivial observation is that when m./mg4 < 7.5, the

22

—— }»:O.S/md

— 7»:1/md

200

18H ,::

. — X=5/md
16l

14t
12t

10

E[T(s)] (Unit: 1/m)

(b)

m2, vy =m?, and t,; = 1/\ is fixed). (a) Effect on E[N(s)]. (b) Effect on E[T(s)].
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Fig. 6. Effects of v, (m./mqs =9 and ¢,;, = 1/\ is fixed). (a) Effect on E[N(s)]. (b) Effect on E[T(s)].

E[N(s)] and E[T(s)] performances are significantly de-
graded as m./m, decreases. In a commercial SMS network,
the base station deployment should meet the requirement
me/mgq > 10 to achieve good SMS performance.

Effects of variances v, and v,. Fig. 6 plots E[N(s)] and
E[T(s)] as functions of the variance v., where m./my; =9,
vg=m?, and t,; = 1/\ are fixed. When v, is large (e.g.,
ve > 2.5m?), both E[N(s)] and E[T(s)] increase as the
variance v, increases. This phenomenon is explained as
follows: As the variance v, increases, the number of short
connected periods are far more than the number of long
connected periods. Therefore, in an arbitrary connected/
disconnected cycle, the disconnected time is more likely
longer than the connected time [12]. When the SM-SC sends
the short message to the terminating UE at 7, if the UE is
disconnected from the network, message retransmissions
are more likely to fall in the disconnected periods than the
connected periods. When v, is larger than 2.5mz, the
performances of both E[N(s)] and E[T(s)] significantly
degrade as v, increases. When v. < m?, E[N(s)], and E[T(s)]
are not affected by the change of v.. Furthermore, for larger
A, the effect of v, on E[N(s)] is more significant. On the
other hand, the effects of changing v. on E[T(s)] are similar
for different A values.

Effects of vy are similar to v., and the results are not
presented. From Fig. 6, it is important that a mobile operator
maintains low v, and v,; values for good SMS performance.

Effects of I on py(s). Fig. 7 plots the ps(s) curves against
retransmission rates A and the maximum number I of
retransmissions. It is trivial that ps(s) decreases as I
increases from [5A] to [10A]. We observe that p¢(s)
decreases as A increases. This effect is consistent with Fact 4
(i.e., if ' Cs, then ps(s) < py(s')). This figure also indicates
that when A is sufficiently large (e.g., A > 3/mq for I = [5A]),
increasing A does not improve py(s) performance.

Performance trends observed from the measured data.
From the commercial UMTS system of Chunghwa Telecom
(CHT), we obtained the output measures Pr[N(s) =n],
E[N(s)], and E[T(s)] for several retransmission policies.
Define si as a policy where a short message is retrans-
mitted for every k minutes. For k=5, 10, 20, and 30, it is
clear that s3 C s Cs5; and s9y Csi9p C s5. We have
collected the statistics for more than 400,000 SMS deliveries
(100,000 deliveries for each policy). Fig. 8 shows E[N(sy)]
and E[T(sy)] in the “o” curves. To compare the measured
data and the analytic results, we consider a policy s. with
Exponential ¢, ;, where E[t,;] is the same as sy for various k
values. We use (13) and (15) to analytically compute
E[N(s.)] and E[T(s.)], and the results are shown in the “<”
curves in Fig. 8.

When X is small, the analytic results are the lower
bounds for the measured data. The reason why both results
do not exactly match is due to the fact that we are not able

[ —e— M=l
| —— [100]

P (5) (%)

A (Unit: 1/m )

Fig. 7. Effects of I on py(s) (m./mq =9 and ¢,; = 1/ is fixed).
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Fig. 8. Performance trends of the analytic data and the measured data
(me/mq = 9; the parameters for s, are v, = v; = m3 and E[t,;] = 1/).
(a) Effect on E[N(s)]. (b) Effect on E[T'(s)].

to measure the connected/disconnected distributions.
However, the figure shows that the trends are consistent,
which follows Fact 1. Fig. 8a shows that |o(T'(s))| > j — i,
which implies that short periods of outage seldom occur in
CHT’s network (see the comments on Fact 3).

Fig. 9 plots the probability mass function Pr[N(s) = n].
From the measurements of the CHT’s commercial SMS
network, Pr[N(sy) = 0] = 0.9, which means that m./mg ~ 9
(see (1)). We also note that Pr[N(sy) = 1] ~ 0.042. For
policy s. (with Exponential retransmission delays) where
m./mg =9 and Pr[N(s.) = 1] = 0.042, we obtain Am. =
11.43 from (12).

With the computed Am, value, we can derive Pr[N(s.) =
n] for N(s) > 1. Fig. 9 shows that Pr[N(s,) = n] has the same
trend as Pr[N(sy) = n]. Therefore, our study indicates that
the performance trends for the analytic/simulation models
and the measurements from the CHT commercial SMS
network are consistent. Note that exact match of analytic
and measured data is not possible at this point because we
are not able to produce the same SMS network availability
condition for the commercial SMS data collection, and as
previously mentioned, the exact connected and discon-
nected periods cannot be measured in commercial opera-
tions. A useful conclusion is that (13) and (15) can be used to
quickly and roughly estimate the SMS network perfor-
mance for network planning.

5 CONCLUSIONS

In this paper, we studied the short message retransmis-
sion policies and derived some facts on short message

VOL. 9, NO.2, FEBRUARY 2010

\:| s=s_ (analytic data) 1

- s=s,, (measured data)
0.8

Fig. 9. Performance trends of the analytic data and the measured data.

retransmissions. Then, we proposed an analytic model to
investigate the short message retransmission performance
in terms of the expected number of short message
retransmissions E[N(s)] and the message delivery delay
E[T(s)]. The analytic model was validated against
simulation experiments. We showed how the retransmis-
sion rate, the expected values, and the variances of the
connected /disconnected period distributions affect
E[N(s)] and E[T(s)]. The following observations are made
in our study:

e The performance of fixed retransmission period is
slightly better than that of Exponential retransmis-
sion approach. Therefore, it is appropriate that an
operator chooses fixed retransmission period value
in the delivery policy.

e The retransmission rate should be less than five
times of the handset disconnected period and more
than half times of that period so that the SMS
performance is not significantly affected when the
retransmission rate changes.

e In a commercial SMS network, the operator should
maintain at least 9 to 1 ratio for the connected/
disconnected periods to achieve good SMS perfor-
mance.

e For each message delivery, it suffices to set the
maximum number of retransmissions to be less
than 10.

Our study indicates that by selecting appropriate
retransmission policy (in particular, the retransmission
frequency), the SMS delivery cost can be significantly
reduced. We also collected measured data from a commer-
cial mobile telecom network, and observed that the
performance trends of the commercial operation are
consistent with our analytic/simulation models. Based on
our study, a mobile operator can predict the performance
trends and select the appropriate parameter values for the
SMS retransmission policy in various network conditions.

APPENDIX
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End

E[N(s)]=M/N; (2]
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N=0; T=0; M=0,
UE STATUS="On";

'

E[T(s)]|=T/N:

Generate the first UE_ASC and NEW_ARRIVAL events;

:

Process the next event e from the event list;

UE STATUS="Off";
Generate 1, ;
Generate the next
UE_ASC event ¢
ej.ts=e.tst+t;;

UE_STATUS="On";
Generate 7. ;
Generate the next
UE_ASC event e;;
ejts=e.tstt.;

N=N+1,
T=T+(e.ts-
e.start_time);
M=M+e.count;

Generate 7, ;

Generate the next
NEW_ARRIVAL event e;;
ej.ts=e.tst+t,;

ej.count=0;
ej.start_time=e.ts;

RETRANSMISSION o

Generate ¢, ;

Generate the next
RETRANSMISSION event ey
ej.ts=e.tstit, ;
ej.count=e.count+1;
ej.start_time=e.start_time;

Fig. 10. Simulation flow chart.

I: the maximum number of short message retrans-
missions.

J: the number of connected periods occurring in
period (79, 74) in Fig. 3.

m,: the expected value of ¢ ;.

mg: the expected value of ¢,;.

N(s): the number of retransmissions of a short
message delivery for policy s.

N(s,t): the number of message retransmissions
occurring in period ¢ for policy s.

1/X: the expected value of the retransmission
period t,;.

ps(s): the probability of failed SMS delivery for
policy s.

Pr[N(s) = n]: the probability that a short message is
retransmitted for n times in policy s, where n > 0.
rq(.): the density function of #4;.

r%(.): the Laplace transform of ¢4;.

t.;: the jth connected period, where j > 1.

tq;: the jth disconnected period, where j > 1.

ta1: the residual time of #4;.

t.;: the period between the (i — 1)th (re)transmission
and the ith retransmission of a short message
delivery, where i > 1.

T(s): the short message delivery time for policy s or
the elapsed time between when the SM-SC starts and
when it stops delivering a short message.

v.: the variance of ¢, ;.

vg: the variance of ¢4

In this paper, we developed a discrete event simulation
model for short message retransmission. In this simulation
model, three types of events are defined:

UE_AVAILABILITY_STATUS_CHANGE (UE_ASC):
the switching of the UE availability status. These
events occur at 7.; and 74; in Fig. 3.
NEW_ARRIVAL: the arrival of a short message
(occurring at 7 in Fig. 3).

RETRANSMISSION: retransmission of a short
message (occurring at 71, 7, 73, and 74 in Fig. 3).

To simulate the status of the UE availability, a variable
UE_STATUS is maintained in the simulation. When
UE_STATUS is set to “On,” the UE is connected to the
mobile network (in the ¢.; periods) and can receive the
short message successfully. When UE_STATUS is set to
“Off,” the UE is disconnected from the mobile network (in
the ¢, periods) and the message transmission fails. Several
random number generators are used to produce the
connected period ¢, the disconnected period t;, and the
retransmission waiting period ¢,. In an experiment, we
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simulate N short messages (excluding retransmissions)
delivered to the terminating UE. The short message
interarrival time is ¢,. The reader should note that ¢, and
t, are different.

In a UE_ASC event, the following fields are maintained:

o the “type” field identifies the UE_ASC event.
e the “ts” field records the time stamp of the event
(when the event occurs).

Besides the “type” and the “ts” fields, the following fields
are also maintained in a NEW_ARRIVAL and a RETRANS-
MISSION events:

e The “start_time” field records the time when the
short message is first transmitted (i.e., 7y in Fig. 3).
e The “count” field records the number of retrans-
missions. Note that it is always true that “count=0"
in a NEW_ARRIVAL event and “count > 0” in a
RETRANSMISSION event.
The events are inserted in an event list, and are deleted/
processed from the event list in the nondecreasing time
stamp order. In each experiment, N = 10,000,000 short
messages are simulated to ensure that the results are stable.
The output measures of the simulation are 7" and M, where

e T is the sum of message delivery delays of the
N short messages simulated in the experiment;
e M is the number of retransmissions for the N short
messages simulated in the experiment.
These output measures are used to compute E[N(s)] and
E[T(s)] as follows:
E[N(s)] = % and E[T(s)] = %

The simulation flowchart is shown in Fig. 10. Step 1
initializes the variables N, T, M, and UE_STATUS. Step 2
generates the first UE_ASC and NEW_ARRIVAL events, and
inserts these events into the event list. In Steps 3 and 4, the
next event e in the event list is processed based on its type.

If e.type==UE_ASC, Step 5 checks if UE_STATUS is
“On.” If so, Step 6 sets UE_STATUS to “Off,” and generates
the disconnected period t; and the next UE_ASC event e,
where the next switching time is e;.ts=e.ts+t4. If UE_STA-
TUS=="0ft" at Step 5, Step 7 sets UE_STATUS to “On,”
generates the connected period t. and the next UE_ASC
event e;, where the next switching time is e;.ts=e.ts+¢.. The
simulation proceeds to Step 12.

If e.type==NEW_ARRIVAL at Step 4, the simulation
proceeds to Step 8. Step 8 generates the next NEW_
ARRIVAL event e; with the interarrival time t,, where
eq.ts=e.ts+t,, e;.count=0 and e, .start_time=e;.ts. At Step 9, if
UE_STATUS is “On,” the message is successfully delivered
to the UE, and Step 10 updates the variables N, T, and M.
Otherwise (UE_STATUS is “Off” at Step 9), the UE is
disconnected from the network, and Step 11 generates the
next RETRANSMISSION event e; with the waiting period
t, for the next message retransmission, where e;.ts=e.ts+
t,, e;.count=e.count+1 and e;.start_time= e.start_time. The
simulation proceeds to Step 12.

If e.type==RETRANSMISSION at Step 4, the simulation
proceeds to execute Steps 9-11.

(19)

At Step 12, if N =10,000,000 short messages are
successfully delivered, the simulation terminates and the
output measures are calculated at Step 13.
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