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Abstract

Retransmission-based failure recovery represents a primary approach in existing com-
munication networks that guarantees data delivery in the presence of channel failures.
Recent work has shown that, when data sizes have infinite support, retransmissions can
cause long (-tailed) delays even if all traffic and network characteristics are light-tailed. In
this paper we investigate the practically important case of bounded data units 0 < L, < b
under the condition that the hazard functions of the distributions of data sizes and channel
statistics are proportional. To this end, we provide an explicit and uniform characteriza-
tion of the entire body of the retransmission distribution P[N, > n] in both n and b. Our
main discovery is that this distribution can be represented as the product of a power law
and Gamma distribution. This rigorous approximation clearly demonstrates the coupling
of a power law distribution, dominating the main body, and the Gamma distribution, de-
termining the exponential tail. Our results are validated via simulation experiments and
can be useful for designing retransmission-based systems with the required performance
characteristics. From a broader perspective, this study applies to any other system, e.g.,
computing, where restart mechanisms are employed after a job processing failure.

1 Introduction

Failure recovery mechanisms are employed in almost all engineering systems since complex
systems of any kind are often prone to failures. One of the most straightforward and widely
used failure recovery mechanism is to simply restart the system and all of the interrupted
jobs from the beginning after a failure occurs. It was first recognized in [6l, 18] that such
mechanisms may result in long-tailed (power law) delays even if the job sizes and failure rates
are exponential. In [I2], it was noted that the same mechanism is at the core of modern
communication networks where retransmissions are used on all protocol layers to guarantee
data delivery in the presence of channel failures. Furthermore, [12] shows that the power
law number of retransmissions and delay occur whenever the hazard functions of the data
and failure distributions are proportional. Hence, power laws may arise even if the data and
channel failure distributions are both Gaussian. In particular, retransmission phenomena can
lead to zero throughput and system instabilities, and therefore need to be carefully considered
for the design of fault tolerant systems.
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More specifically, in communication networks, retransmissions represent the basic building
blocks for failure recovery in all network protocols that guarantee data delivery in the presence
of channel failures. These types of mechanisms have been employed on all networking layers,
including, for example, Automatic Repeat reQuest (ARQ) protocol (e.g., see Section 2.4 of [4])
in the data link layer where a packet is resent automatically in case of an error; contention based
ALOHA type protocols in the medium access control (MAC) layer that use random backoff
and retransmission mechanism to recover data from collisions; end-to-end acknowledgement for
multi-hop transmissions in the transport layer; HT' TP downloading scheme in the application
layer, etc. It has been shown that several well-known retransmission based protocols in different
layers of networking architecture can lead to power law delays, e.g., ALOHA type protocols
in MAC layer [13| [10] and end-to-end acknowledgements in transport layer [11, O] as well as
in other layers [12]. For other (non-retransmission) mechanisms that can give rise to heavy
tails see [15] and the references therein. In particular, the proportional growth/multiplicative
models can result in heavy tails [15] [7].

Traditionally, retransmissions were thought to follow light-tailed distributions (with rapidly
decaying tails), namely geometric, which requires the further assumption of independence
between data (packet) sizes and transmission error probability. However, these two are often
highly correlated in most communication systems, meaning that longer data units have higher
probability of error, thus violating the independence assumption. Recent work [12] [13], 111 [9]
has shown that, when the data size distribution has infinite support, all retransmission-based
protocols could cause heavy-tailed behavior and possibly result in zero throughput, regardless
of how light-tailed the distributions of data sizes and channel failures are. Nevertheless, in
reality, packet sizes are upper bounded by the maximum transmission unit. For example,
WaveLAN’s maximum transfer unit is 1500 bytes. This fact motivates us to investigate the
transmission of bounded data and approximate uniformly the entire body of the resulting
retransmission distribution as it transits from the power law to the exponential tail.

We use the following generic channel with failures [12] to model the preceding situations.
This model was first introduced in [6] in a different application context. The channel dynamics
is described by the i.i.d. channel availability process {A, A;}i>1, where the channel is contin-
uously available during periods {A;} and fails between these periods. In each period of time
that the channel becomes available, say A;, we attempt to transmit the data unit of random
size L. We focus on the situation when the data size has finite support on interval [0, b]. If
Ly < A;, we say that the transmission is successful; otherwise, we wait for the next period A;1
when the channel is available and attempt to retransmit the data from the beginning. It was
first recognized in [0] that this model results in power law distributions when the distributions
of L = Lo, and A have a matrix exponential representation, and this result was rigorously
proved and further generalized in [12, O] 2]. A related study when L = /¢ is a constant and
failure/arrival rates are time-dependent Poisson can be found in [3].

It was discovered in [12] that bounded data units result in truncated power law distribu-
tions for the number of retransmissions, see Example 3 in [12], see also Example 2 in [13]. Such
distributions are characterized by a power law main body and an exponentially bounded tail.
However, the exponential behavior appears only for very small probabilities, often meaning
that the number of retransmissions of interest may fall inside the region where the distribution
behaves as a power law. It was argued in Example 3 of [12] that the power law region will
grow faster than exponential if the distributions of A and L; are lighter than exponential. The
retransmissions of bounded documents were further studied in [19], where partial approxima-
tions of the distribution of the number of retransmissions on the logarithmic and exact scales
were provided in Theorems 1 and 3 of [19], respectively. In this paper, we present a uniform
characterization of the entire body of such a distribution, both on the logarithmic as well as
the exact scale.



Specifically, let Nj represent the number of retransmissions (until successful transmission)
of a bounded random data unit of size Lj, € [0, b] on the previously described channel. In order
to study the uniform approximation in both n and b we construct a family of variables Ly,
such that P[L, < z] = P[L < z]/P[L < b], for 0 < x < b when L = L is fixed. This scaling of
Ly, was also used in [19]. For the logarithmic scale, our result stated in Theorem 2.2] provides
a uniform characterization of the entire body of log P[N, > n], i.e., informally

log P[Ny > n| ~ —alogn + nlogP[A < b

for all n and b sufficiently large when the hazard functions of L and A are linearly related
as logP[L > z] ~ alogP[A > z]; see Theorem for the precise assumptions. Note that
the first term in the preceding approximation corresponds to the power law part n~% of the
distribution, while the second part describes the exponential (geometric P[A < b]"™) tail. Hence,
it may be natural to define the transition point n; from the power law to the exponential tail
as a solution to nylog P[A < b] ~ alog ny.

In addition, under more restrictive assumptions, we discover a new exact asymptotic for-
mula for the retransmission distribution that works uniformly for all large n,b. Surprisingly,
the approximation admits an explicit form (see Theorems 2.3 and [2.4))

o o
PV, ~ el 1.1
[N > n*l(n AP[A > b]1) /—nlog]P[A<b] c (L)

where z Ay = min(x,y) and £(-) is a slowly varying function; note that the preceding integral
is the incomplete Gamma function I'(z, a).

Clearly, when —nlogP[A < b] | 0, the preceding approximation converges to a true power
law I'(a+1)/(£(n)n®). And, when —nlog(P[A < b]) 1 0o, approximation (LI]), by the property
I'(z,a) ~ e %2 ! as x — oo, has a geometric leading term P[A < b]". Interestingly, for the
special case when « is an integer and ¢(z) = 1, one can compute the exact expression for
P[N, > n], see Proposition Furthermore, our results show that the length of the power
law region increases as the corresponding distributions of L and A assume lighter tails. All of
the preceding results are validated via simulation experiments in Section Bl It is worth noting
that our asymptotic approximations are in excellent agreement with the simulations.

This uniform approximation allows for a characterization of the entire body of the distribu-
tion P[N}, > n], so that one can explicitly estimate the region where the power law phenomenon
arises. Introducing the relationship between n and P[A > b] also provides an assessment method
of efficiency and is important for diminishing the power law effects in order to achieve high
throughput. Basically, when the power law region is significant, it could lead to nearly zero
throughput (o < 1), implying that the system parameters should be more carefully adjusted
in order to meet the new requirements. On the contrary, if the exponential tail dominates, the
system performance is more desirable. Our analytical work could be applicable in network pro-
tocol design, possibly including packet fragmentation techniques [14] [16] and failure-recovery
mechanisms. In particular, since we approximate the entire body of the distribution, we could
estimate the mean value of Ny, and thus, via Wald’s identity, the mean delay and throughput.

Also, from an engineering perspective, our results further suggest that careful re-examination
and possible redesign of retransmission based protocols in communication networks might be
necessary. Specifically, current engineering trends towards infrastructure-less, error-prone wire-
less technology encourage the study of highly variable systems with frequent failures. Hence,
our results could be of potential use in improving the design of future complex and failure-prone
systems.

The rest of the paper is organized as follows. After a detailed description of the channel
model in the next Subsection [I.I, we present our main results in Section [l Then, Section [3]



contains simulation examples that verify our theoretical work. A number of technical proofs
are postponed to Section [l

1.1 Description of the Channel

In this section, we formally describe our model and provide necessary definitions and notation.
Consider transmitting a generic data unit of random size L; over a channel with failures.
Without loss of generality, we assume that the channel is of unit capacity. As stated in the
introduction, the channel dynamics is modeled by the channel availability process {4, A4;}i>1,
where the channel is continuously available during time periods {A;} whereas it fails between
such periods. In each period of time that the channel becomes available, say A;, we attempt to
transmit the data unit and, if A; > L, we say that the transmission was successful; otherwise,
we wait for the next period A;11 when the channel is available and attempt to retransmit the
data from the beginning. A sketch of the model depicting the system is drawn in Figure [II

A, > L
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Figure 1: Packets sent over a channel with failures

Failure-prone

We are interested in computing the number of attempts N, (retransmissions) that it takes
until Ly is successfully transmitted, which is formally defined as follows.

Definition 1.1 The total number of retransmissions for a generic data unit of length Ly is
defined as
Ny £ inf{n: A, > L}

We denote the complementary cumulative distribution functions for A and L, respectively, as
G(z) £ P[A > z]

and
F(z) £ P[L > z],

where L is a generic random variable that is used to define the distribution of L.

Throughout the paper we assume that L and A are continuous (equivalently, F(x) and
G(z) are absolutely continuous) and have infinite support, i.e., G(z) > 0 and F(x) > 0 for all
x > 0. Then, the distribution of L is defined as

PlL, <a] = D=8 g<p< (1.2)

P[L <]’ -
To avoid trivialities, we assume that b is large enough such that P[L < b] > 0.

In this paper we use the following standard notations. For any two real functions a(t) and
b(t) and fixed tg € R{J{oo}, we use a(t) ~ b(t) ast — to to denote lims_, a(t)/b(t) = 1.
Similarly, we say that a(t) 2 b(t) as t — to if liminf; ,;, [a(t)/b(t)] > 1; a(t) < b(t) has a
complementary definition.



2 Main Results

In this section, we present our main results. Under mild conditions, we first prove a gen-
eral upper bound for the distribution of N, on the logarithmic scale in Proposition 211 In
Theorem [2.2], we present our first main result, which under more stringent assumptions, char-
acterizes the entire body of the distribution on the logarithmic scale uniformly for all large n
and b, i.e., informally we show that

log PN, > n] = —alogn + nlogP[A < b],

as previously mentioned in the introduction. Roughly speaking, when —logP[A < b] =
o(logn/n), P[N, > n] is a power law of index a. Our results on the exact asymptotics are given
in the next Subsection 2.1]in Theorems 2.3l and 2.4} the results are stated in two different the-
orems since Theorem 2.4] requires slightly stronger assumptions. The uniform approximation
implied by these two theorems is presented in (2.6]), or previously in (I.T]).

Recall that the distribution of L; has finite support on [0, b], given by (I.2)). First, we prove
the following general upper bound.

Proposition 2.1 Assume that
logP[L > z] S alogP[A > x| asx — oo

and let by be such that P[L < by] > 0,P[A < by] > 0, then for any € > 0, there exists ng, such
that, for all n > ng,b > by,

log P[Ny, > n| < (1 —¢) [nlogP[A < b] — alogn].
Remark 1 Note that this result can be restated as
P[N, > n] < P[A < p]"U—e)p—all=¢),

for n,b sufficiently large. Hence, the distribution P[N, > n] is bounded by the product of a
power law and a geometric term.

Proof: By assumption, there exists 0 < € < 1 such that for all z > x. > by > 0,
F(z) < G(z)*079). (2.1)

Next, it is easy to see that P[N}, > n|Ly] = (1 — G(Ly))", and thus,

PNy > n] = E[1 — G(Ly)]"
=E[1 — G(Ly)"!7t9
< (1= G®)""9 [E[1 — G(Ly)™ L(Ly < zc) + E[1 — G(Lp)]"1(Lp > )]

b T
< (1 - G(b))"+=9) [(1 — G(z))™ +/ (1-G@)™ dfl«f((b))}

< (1 - G(r)"-9 [n;f N /Ob (1- F@;)ﬁ)m dg((;)} ,

where 7,, = 1 — G(x), and the last inequality follows from (ZII); in case z. > b > by,
the integral in the second inequality is zero and the last inequality trivially holds. Now, by




extending the preceding integral to oo, we obtain

n L -G ”(1—6)-"6 > —7:Eﬁne T
PNy > n] < 551 = GO) :non(b)+/0 (1 - Py =)™ ar )]
— ﬁ(l — G0)"1=) | prep(b) + E (1 _ F(L)auls))”j
< ﬁ(l — G(b)) 79 -n;’gF(b) L FTD n] |

where we use the elementary inequality 1 —x < e™*, z > 0, and thus

‘ -

_ 1
PING > 1] £ (L= GO fafiF ) + B eV

"ij

(b

by F(L) = U, where U is uniformly distributed on [0, 1] by Proposition 2.1 in Chapter 10 of
[17]; see also the Appendix. Hence,

- 1 1

P[Ny > n] < ﬁ(l - G(b))"(l—f) n;’gF(b) —i—/o e~ "Edaz]
= ﬁ(l _ G(b))n(l—e) :n;‘gF(b) + /OnE ((zgl%e_zza(l—s)—ld%
< ﬁ(l — G(b))n(l—e) nggF(b) + ((;Sa% /0°° e—zza(l—e)—le}
— ﬁ(l — G(b)"19 |nreF(b) + %P(a(l - e))} :

which follows from the definition of the Gamma function I'(a) = [ e~*t*~'dt. Therefore,

P[N, > n] < (1 — G(b))"}—9) —n;gg + % (SE;G_)ae()l_E)F(a(l - e))]
= | a1l — e)e=1=9)
< (1= G(b))"=9 Npe + (Ji(bo)zw(l—ﬁ) Ia(l - e))]
=(1-G()"19 —ngg - %] ,

since b > by, whereas, in the last inequality, we set H, = a(1 — €)e“0=9T(a(1 — €))/F (bp).
Now, we can choose ng, such that for any € > 0 and for all n > ng, 15 < eH.n=*179 g0 that

_ H H
. n(l—e) € €
PN, > n] < (1 —G(b)) [Ena(l_ﬁ) na(l—e)
~ n(l—e Hf
= (1 - G(b)) (1 )na(l_g) (1 + 6)7

and by taking the logarithm in the preceding expression, we obtain

log P[N}, > n] < log (H.(1+¢€)) +n(l —¢€)log(l — G(b)) — a(l —€)logn
=log (Hc(1+¢€)) + (1 —¢€) [nlog(l — G(b)) — alogn] .



Next, since —nlog(1 — G(b)) > 0 and alogn >0, n > 1,

logP(Ny>n] _ log(H(1+9)

—nlog(l — G(b)) + alogn — —nlog(1 — G(b)) + alogn

log (He(1 +€))
= alogn ~(1=9

(1—¢)

and alogn being increasing in n, we can choose ng such that for any n > ng,

log (He(1+€)) <e

alogn
Thus, B
-n log((ig— [G(bb)>) Z]alogn s -(1-29), (22)
which completes the proof by replacing e with €/2. O

Next, we determine the region where the power law asymptotics holds on the logarithmic
scale.

Theorem 2.1 If
log P[L > z] ~ alog P[A > z] as x — 00, (2.3)

a > 0, then, for any € > 0, there ewists positive ng, such that for all n > ng, for which
nlT<P[A > b] < 1, we have
—log P[N} > n]

alogn

-1/ <e (2.4)

Note that this result appeared in Theorem 1 of [19]; for reasons of completeness, we present
a simple proof in Section [l

This result holds in the region n'*¢ < O(1/G(b)). Also, note that one can easily characterize
the logarithmic asymptotics of the very end of the exponential tail of P[N, > n| for small b
and large n. In particular, for fixed b, it can be shown that log P[N;, > n] ~ nlog(1 — G(b)) as
n — 00, see Theorem 1 in [19]. However, our objective in this paper is to determine the entire
body of the distribution of P[N, > n] uniformly in n and b.

Next, we extend Theorem 2] to the entire region n > ng,b > by, which includes the
geometric term P[A < b]™. For this theorem, we need slightly more restrictive assumptions.
The reason why this is the case is that P[N, > n] behaves like a power law in the region where
n = o(logn/G(b)), while for n >> logn/G(b), it follows essentially a geometric distribution;
see Theorem below. Hence, more restrictive assumptions are required since the geometric
distribution is much more sensitive to the changes in its parameters (informally, ((1+4€)x)™® ~
=% but e~ (117 5 =),

Definition 2.1 A function £(z) is slowly varying if £(x)/¢(Ax) — 1 as x — oo for any fixed
A>0.

We also assume that functions ¢(x) are positive and bounded on finite intervals.

Theorem 2.2 If P[L > z] = {(P[A > 2] Y)P[A > 2], for a > 0, {(z) slowly varying, then
for any € > 0, there exist ng, by, such that for all n > ng,b > by,

—log P[N} > n) ] <.
—nlogP[A < b] + alogn -

(2.5)



Remark 2 Note that the statement of this theorem can be formulated in an equivalent form

—log P[N;, > n] Cql<e
nlP[A > b] + alogn

since —nlogP[A < b] ~ nPP[A > b] as b — oo.

Remark 3 This theorem extends Theorem 1 in [I9]. In particular, it proves the result uni-
formly in n and b, while Theorem 1 in [19] characterized the initial power law part of the
distribution (n < G(b)™"7,0 < n < 1) and the very end with exponential tail (fixed b, n — 00).

Proof: First, we prove the result in the region nG(b) > §logn, for any fixed § > 0, where
the distribution of P[N}, > n| approaches a geometric tail.

Note that, for all b > by, the upper bound follows from Proposition 2.1l For the lower
bound, observe that

PNy, > n] = E[1 — G(Ly)]"
ot F(x)
- (1wt
b Fa)s  \"
A (1 - W) .

by F(b) < 1. Then, by the continuity of G(x), we can choose g such that G(zg) = \.G(b)
where A\ = A\/(1 —¢), and A > 2 is such that G(z9) < 1. Now, recall the slowly varying
property of £(z) in the region {G(b)~!, A\-*G(b)~'} and thus, for by large enough, b > by,

| e~
N
N———
3
|5
=z

b ()= "
]P’[Nb>n]2/ (1-(1-@%) dF (z)

20 (
F)ys \ .- _ _
=E 1 1 - 1(Fb)<F(L)<F
S(py—1 (=€) F(z0) Y/ /e (G(b)~1)
2 OéE(G(b)a ) / ) ) (1 o Z)n P 1dZ,
(1= Ju—arm)/e/e/a@Ge)-1)

which follows from F(L) = U, where U is uniformly distributed in [0,1], and the change of
variables z = (1 — €)UY*/¢"/*(G(b)~"). Thus, using our main assumption that F(b)/® =
(UG (b) "G (D), and F(xo)V/™ = £/(G(x0) )G(xo) = LV*(ATG(B)"HAG(b) > (1 -
OAG (D) *(G(b)~1) = AG(b)£/*(G(b)~1), we obtain

A =1y (1—AG(b)
P[Ny > n| > %/ ) (1—2)"2"dz.
(1= Ju—oaw

Now, if a > 1, 2%~ ! is monotonically increasing and thus

P[Np > n] > (1—2)"dz

aﬁ(@(b)‘l)(l _ e)a_lé(b)a_l /A(l—e)G(b)
(1 —¢)> (

1-0)G(b)
(1= gy (179G0)
> ag)rret G

A(1—€)G(b)



= OGO g6) ™ (- A1 - 9G]

n+1
G(p)(1+o-1 e ndl 1—A1-e)G®)\"*!
> ——5——(1-(1-9G) [1—<1_(1_6)@(b)> :

where, for the second inequality, we use the standard property of slowly varying functions (see
[5]) that ¢(z) > 272 for large , and thus £(G(b)~1) > G(b)*, whereas the last inequality is
implied by a« > 1 and n+ 1 < 2n for n > 1.

Next, using the inequalities e 2% < (1 — 2) < e~ for x small enough, we have

o n+1 —A(1—€)(n 3
(1— (( )G(b)> i < ¢ AZIEADEO) oy a—ema)

— = <
1—oG(b) 20—t 1GE) = ©

< e—()\—2)(1—5)6logn < 1/27

for all n > ng, since we choose A > 2 and, by assumption, nG(b) > §logn. Therefore,

G(b)a(l-i-s)—l

]P)[Nb > n] > in

= n+1
(1-(1-eG®)’
Then, by taking the logarithm,

log P[N, > n] > —log4 + (a(1 +¢€) — 1) log G(b) + (n + 1) log(1 — (1 — €)G (b)) — logn

> —aelogn — (a(l4+€) —1)logn+ (n+1)log(l — (1 — €)G(b)) — logn,

where in the last inequality we used the assumption log G(b) > log(dlogn) — logn > —logn,

for n > /%, and that log4 < aelogn for large n. Hence,
log P[N, > n] > — a1+ 2¢)logn + (n + 1) log(1 — (1 — €)G(b))
> — a1 + 2¢)logn + n(1 + 2¢) log(1 — G(b))

— (14 2¢) [alogn — nlog(1 — G(b))] .
Finally, dividing by (alogn — nlog(1 — G(b))) > 0 and replacing € with €/2 yields

log P[N} > n]
alogn —nlog(l — G(b)) —

—(1+e).

Symmetric arguments hold for the case where av < 1. We omit the details.
The remainder of the proof for nG(b) < dlogn, n > ny, is deferred to Section [l O

2.1 Exact Asymptotics

In this section, we derive the exact approximation for P[N, > n] that works uniformly for all
n,b sufficiently large (Theorems 23] and 24]). Interestingly enough, this characterization is
explicit in that it is a product of a power law and the Gamma distribution

o o0
PN, ~ —za7lg 2.
[ b= n] naf(n A ]P)[A > b]_l) /—nlogIP[ASb] © - ( 6)

where x A y = min(z,y) and £(-) is slowly varying. Implicitly, the argument of ¢(z) is altered
depending on whether nPP[A > b] < C or nPP[A > b] > C for some constant C. Hence, we
can choose C' = 1 since ¢(n A 1/P[A > b]) =~ £(n A C/P[A > b]) for large n,b. Note that



when —nlogP[A < 0] | 0, the power law dominates, whereas when —nlogP[A < b] — oo, the
integral determines the tail with the geometric (exponential) leading term.

We would like to point out that approximation (Z.6]) actually works well when P[A > b~}
is large rather than b; this can be concluded by examining the proofs of the theorems in this
section. Hence, formula (2.6)) can be accurate for relatively small values of b provided that A
is light-tailed. This may be the reason why we obtain such accurate results in our simulation
examples in Section B] for b < 10.

First, in Theorem 23] we precisely describe the region where the distribution of N, exhibits
the power law behavior, nP[A > b] < C, for any fixed constant C. Then, Theorem 2.4 covers the
remaining region, nlP[A > b] > C, where P[N}, > n| approaches the geometric tail. Additional
discussion of the results and the treatment of some special cases are presented at the end of
this section; see Propositions and 23]

Theorem 2.3 Let P[L > x|~ = {(P[A > 2] Y )P[A > 2], a > 0,z >0, and C > 0 be a fized
constant. Then, for any € > 0, there exists ng such that for all n > ng, and nlP[A > b] < C,
]P) o
[Ny > n[n®(n) 1| <e
al'(—nlogP[A < b, @)

2.7)

where T'(x, «) is the incomplete Gamma function defined as f;o e 7201z,

Proof: See Section [l

Remark 4 Related result was derived in Theorem 3 of [19] where it was required that n <
G(b)™,0 < n < 1. Note that here we broaden the region where the result holds by re-
quiring n < C/G(b), which is larger than n < G(b)~". Furthermore, this is the largest
region where the exact power law asymptotics O(n~%/f(n)) holds since for nG(b) > C,

I'(nG(b),a) <T(C,a) — 0 as C — oo.

Remark 5 Note here that the incomplete Gamma function I'(«, z) = f;o 2%"le=%dz can be
easily computed using the well known asymptotic approximation (see Sections 6.5.32 in [I]),

as r — o0,

-1 -1 -2
INa,z) ~ e ™ 14 a:E + (o ;(204 ) +

The following corollary is an immediate consequence of Theorem 23] and it represents a
small generalization of Theorem 2.1 in [9].

Corollary 2.1 IfP[L > x|~ = {(P[A > 2] H)P[A > z]™%, 2 > 0,a > 0, where £(x) is slowly
varying, then, as n — oo and nP[A > b] — 0,

I'a+1)

P[Nb > n] ~ E(n)na .

(2.8)

Now, we characterize the remaining region where nlP[A > b] > C. Informally speaking,
this is the region where P[N, > n| has a lighter tail converging to the exponential when
n >> G(b)~1. In the following theorem, we need more restrictive assumptions for £(x); see
the discussion before Theorem In particular, we assume that ¢(x) is slowly varying and
eventually differentiable with ¢'(z)z/¢(x) — 0 as z — cc.

10



Theorem 2.4 Assume that P[L > x]7! = {(P[A > z]"H)P[A > 2]7% a > 0, z > 0, where {(x)
is slowly varying and eventually differentiable with ¢'(z)x/l(x) — 0 as x — oo. Then, for any
e > 0, there exist by, ng, such that for all n > ng,b > by, nP[A > b] > C,

P[N, > n|n®¢(P[A > b]™1)
al'(—nlogP[A < 0], «)

—1| <e (2.9)

Remark 6 Observe that Theorems 23] and [2.4] cover the entire distribution P[N}, > n] for all
large n and b. Interestingly, the formula for the approximation is the same except for the argu-
ment of the slowly varying part, which equals to n and P[A > b]~!, respectively. Furthermore,
when nP[A > b] = C the formulas are asymptotically identical as ¢(n) = £(CP[A > b]™!) ~
((P[A > b]71) as n — .

Remark 7 Note that most well known examples of slowly varying functions satisfy the condi-
tion £/ (z)z/f(x) — 0 as x — o0, e.g., log? z,log” (log ), B > 0, exp(log x/ loglog x), exp(log” ),
for 0 < v < 1 [see Section 1.3.3 on p.16 in [5]].

Proof: Recall that
P[Ny > n] =E[1 — G(Ly)]"

B b LT dF (z)

_/0 (1 G( )) F(b)

_ [ e n dF () b e n dF(x)

_/O (1-G(z)) 30 +/xo (1-G(z)) o) (2.10)

Now, from the fact that ¢(x) is eventually differentiable (x > z() and slowly varying with
0'(x)x/l(z) — 0 as x — oo, it follows that dF(z) = (1 + o(1))aG(x)*~ YU~ (1/G(z))dG(x) as
x — 00. Thus, for any 0 < € < 1, we can select zy large enough such that

b o g T a—lgq X
PNy > n] < (1 —G(z0))" — (14 6)1/2/ (1-Gl)" Ei(/C)?(x))dFG((b))
i G(z0) az® 1dz
_ Gz c 1/2 — ) :
(1—G(z0)" +(1+¢) /@(b) (1-2) 10/ F0) (2.11)

which follows from the absolute continuity of G(x), i.e., G(A) is uniformly distributed in [0,1].
Now, for a > 1, we consider two different cases: (a) nG(b) > logn and (b) C < nG(b) <
log n.
Case (a): nG(b) > logn. Observe that, for any fixed H > a + 6, we can make HG(b)
small enough by picking by large. Now, by continuity of G(x), there exists xp such that
G(zg) = HG(b); we can choose zq larger than in (ZII) by picking by large enough. Next,
using the elementary inequality 1 —z < e *, 2 > 0, we upper bound the preceding expression
by

e 1+ 6)1/2 HG(b) 207 1dz
PNy >n §e"G(x°)+a(7/ 1—2)"
o= O Jaw 7 T
_ 1/2 5 HG(b)
< e—nHG(b) a(17+ 6) sup E(l/G(b)) / (1 _ Z)nza—ldz
LL/GO)F®) apy<z<naey 1/2)  Jaw
_nHE 1+¢€) HG(b) _
< e MHGO) 4 _olte / (1—2)"2%"tdz
£(1/G()F(b) Jaw)
54T, (2.12)

11



where, for the third inequality, by the slowly varying property of £(z), G(b)~! can be chosen
large enough such that sup g e))-1<y<ap)-1 UG b)) /e(y) < (1 + €)1/

Now, we derive a lower bound for I; in (2.1Z). Using the monotonicity of 2*~!, o > 1 and
since F(b) < 1, we obtain

1 HG(b) X
L 7/ (1 —2)"2%""dz
(1/G D)) Jaw)

1 B ) Hé(b)
> G(b)*~ / 1—2)"dz
G(b)~ ©) G(b) ( )

_ 1 ~ a—1+e€ ~ n 1_Hé(b)) nH
= ——G) e — G)" (1 - <71 —Gw) ) ) ;

v

n +

where in the second inequality, we use the property of slowly varying functions ¢(z) < z€ for
x large enough. Now, observe that for all > 0 small enough, 1 — 2 > e~2?, yielding

where the last inequality follows from the fact that n/(n+1) > 1/2 for n > 1 and G(b)*~1*+¢ >
G(b)* since € < 1. We also note that

1-HG()\"" —HG®) ;. —2G1)\" _  —(H=2nG(b) — —(H=2)C
< —_G(b>> < (O e0) = =¢ S1/2

where we use our assumption nG (b) > C and choose H large enough. Finally, we obtain
1 A
L > RG(b)% 4nG(b) (2.13)

Now, we proceed with proving that Iy/I; in ([2.12)) is negligible as n — oo. To this end,

observe that
e—HnG‘(b)n

G(b)ae—4né(b) ’
e~ (H=4)nG(b) ya+1

(nG(b))*

< ge~(H-9nG () o+l

§4

|

< 46—(a+2) log nna-l—l’

where we use our assumption that nG(b) > logn > 1 for n > 2, whereas for the last inequality,
we also use the fact that H > o 4 6. Thus, the preceding expression is upper bounded by

Io

< 2.14
P<r<e (214)

3|»J>

for all n > 4/e.
Now, we upper bound I; in (2.I2]) by changing the variables z =1 —e¢

( E) —nlog(1—HG(b)) e—u(n-l-l)/n(l _ e—u/n)a—l
( ) ( /G(b)) /—nlog(l—G(b)) n

# [e9) e (1 - e—u/n)a 1 y
= ( ) ( /G(b)) /—nlog(l—é(b)) n d ’

—u/n
)

Il du

12



where for the inequality we use e=%/™ < 1 and extend the integral to infinity. Thus, for a > 1,
from the preceding expression using the inequality 1 — e™* < z, for z > 0, we obtain

a(l+e) /°° _rune-l
I < = e (= du
b F(b)nt(1/G(b)) —nlog(1-G(b)) (7”L>
a(l+e) /°° a1
= e “u” du
F(b)n~£(1/G(b)) —nlog(1-G(b))
a(l+e)
F(b)nt(1/G(b))
Combining (214]) and (ZI5]), we obtain for (ZI2]) that for all n > ng,b > by,

a(l+¢)?
P[Np > n] < F(b)naﬁ(l/é(b))r(_nlog (1

I'(—nlog (1 — G(b)) , ). (2.15)

—G(b)),a),

which completes the proof after replacing (1 + €) with (1 + )l/2,
The remaining case (b): C' < nG(b) < logn is postponed to Section [l O

Remark 8 From the preceding two theorems we observe that P[N, > n| behaves as a true
power law of index o when —nlogP[A < b] — ¢, 0 < ¢ < oo, and has an exponential tail
(geometric) when nP[A > b] — oo (n >> P[A > b]~!). More specifically:

(i) If —nlogP[A < b] — ¢, then by Theorem 23] as n — oo, nP[A > b] — ¢,

(e, ).

MM>MNK$W

(ii) If nP[A > b] — oo, then —nlogP[A < b] — oo and thus, as n — 00, b — 0o, nP[A > b] — oo

)

o _ _

WG(b)a_l(l —G(b)",

which follows from Theorem [2.4] and the asymptotic expansion of the Gamma function (see
Remark [l of Theorem 2.3]).

P[Nb > n] ~

Interestingly, one can compute the distribution of P[N}, > n] exactly for the special case
when the parameter « takes integer values and ¢(x) = 1.

Proposition 2.2 IfP[L > z] = P[A > z]%, for all x > 0 and « is a positive integer, then

aoz'n']P’A>b] ;
PN, PA<b“%
[Ny > n] = L<b; (a — )l (n +19)! A<

Proof: It follows directly from (2ZI0) using integration by parts. O

Finally, in the following proposition, we describe the tail of P[V;, > n] for fixed and possibly
small b. This complements the conclusion of Remark [§[(ii), however, we need ¢(x) = 1.

Proposition 2.3 Let b be fized. If P[L > x| = P[A > z]*, a > 0, x > 0, then

aP[A > b]*~ 1 P[A < bt
P[Ny > n] ~ P < 0] I as n — oo.

Proof: See Section 4 in [§]. O
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Figure 2: Example 1(a). Ezact asymptotics for Figure 3: Example 1(b). Exact asymptotics for
a>1. a < 1.

3 Simulation Experiments

In this section, we illustrate the validity of our theoretical results with simulation experi-
ments. In all of the experiments, we observed that our uniform exact asymptotics is literally
indistinguishable from the simulation. In the following examples, we present the simulation
experiments resulting from 10® (or more) independent samples of Npiy1l <@ < 108. This
number of samples was needed to ensure at least 100 independent occurrences in the lightest
end of the tail that is presented in the figures (N ; > nmax), thus providing a good confidence
interval.

Example 1. This example illustrates the uniform exact asymptotics presented in Theo-
rems [2.3] and 2.4] i.e., approximation (2.6]), which combines the results from both theorems.
We assume that L and A follow exponential distributions with parameters A = 2 and u =1,
respectively. It is thus clear that F(zr) = e™2* = G(x)%, where a = 2 and /(z) = 1. Now,
approximation (28] states that P[N; > n] is given by (1 — e~2°)"12n72I'(ne™?,2). Note that
we added a factor P[L < b]7! = (1 — ¢72*)71 as in Propositions and 23] for increased
precision when b is small; we add such a factor to approximation (2.6)) in other examples as
well. We simulate different scenarios when the data sizes L, are upper bounded by b equal to
1, 2 and 4. The simulation results are plotted on log-log scale in Fig. 2l

From Fig. 2l we observe that the numerical asymptote approximates the simulation exactly
for all different scenarios, even for very small values of n (large probabilities). We further
validate our approximation by considering scenarios where L, A are exponentially distributed
but o < 1; in fact, this case tends to induce longer delays due to larger average data size
compared to the channel availability periods. In this case, we obtain a = 0.5 by assuming
A =1 and p = 2. Again, the simulation results and the asymptotic formulas are basically
indistinguishable for all n, as illustrated in Fig. [38l

For both cases, we deduce that for b small the power law asymptotics covers a smaller region
of the distribution of N, and, as n increases, the exponential tail becomes more evident and
eventually dominates. As b becomes large - recall that b — oo corresponds to the untruncated
case where the power law phenomenon arises - the exponential tail becomes less distinguishable.

Example 2. This example demonstrates the exact asymptotics for the exponential tail

14



10 10
Simulation —— =2
Exponential Tail Asymptote a1 ——+— Exponential
.| = = = Power Law Asymptote 107y — k=112
5 N = = = Power Law Asymptotd
10°f Q 5
< 1072k
3
N
N -3
< - T 107}
A —4 ~ A
o 10 ~ a
Z e Z
e NSO o 10°t
~ ~
b=4
-5
- 10 "¢
10°}
X b=2 .
10 'k
10_8 0 ‘ ‘ ‘ 10_7 0 ‘ 1
10 10 10° 10 10 10°

Retransmissions: n Retransmissions: n
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nential tail asymptotics. creases for lighter tails of L, A.

as n — oo and b is fixed, as in Proposition 23l Note that this proposition gives the exact
asymptotic formula for the region n > 1/G(b) and lends merit to our Theorems and [2.4]
Informally, we could say that a point n; such that —nlog(l — G(b)) ~ npG(b) = alogny
represents the transition from power law to the exponential tail. We assume that L, A are
exponentially distributed with A = 2 and g = 1 (as in the first case of Example 1). Roughly
speaking, we can see from Fig. [ that the exponential asymptote appears to fit well starting
from ny &~ aeb, i.e., ny ~ 6,15,100 for b = 1,2, 4, respectively.

Example 3. This example highlights the impact of the distribution type of channel
availability periods G(x) = P[A > z]. We consider some fixed b, namely b = 8, and assume that
the matching between data sizes and channel availability, as defined in Theorems 2.3] and 2.4]
is determined by the parameter o = 4. We assume Weibull' distributions for L, A with the
same index k and ir, 14 respectively, such that o = (ua/pr)*. The simulations include three
different cases for the aforementioned distributions: Weibull with index & = 1 (exponential)
where pu;, = 1 and pg = 4, Weibull (normal-like) with index &k = 2 (uy = 1,ua = 2) and
Weibull with & = 1/2 (ug = 1, 14 = 16). Fig. Blillustrates the exact asymptotics from equation
([26), shown with the lighter dashed lines; the main power law asymptote appears in the main
body of all three distributions. We observe that heavier distributions (Weibull with k& = 1/2)
correspond to smaller regions for the power law main body of the distribution P[N, > n]. On
the other hand, the case with the lighter Gaussian like distributions for & = 2 follows almost
entirely the power law asymptotics in the region presented in Fig. Bl This increase in the
power law region can be inferred from our theorems, which show that the transition from the
power law main body to the exponential tail occurs roughly at np =~ G(b)~!. Hence, the lighter
the tail of the distribution of A, the larger the size of the power law region.

Example 4. In this last example, we study the case where there is a more general
functional relationship between the distributions of availability periods A and data sizes L, as
Theorems 23] and 2.4] assume. In particular, we consider the case F'(z) = G(x)®/¢(G(z)™1),
where {(z) is slowly varying. We validate the approximation (2.6]) in this more general setting.

In general, a Weibull distribution with index k has a complementary cumulative distribution function
k
P[X > z] = e~ @/mW” where u is the parameter that determines the mean.

15



10° —— 10°

10" i 10"
-2 -2
= 10 = 10 ¢
A A
fe} fe}
Z Z
& 107} & 107}
_ - m— Simulation
107} 10} S
m— Simulation [ n|.|a Sympote -
Exact Asymplote] - = = TalAsympwote |
10 10 10° 10° 10 10" 1 10°
Retransmissions: n Retransmissions: n

Figure 6: Example 4(a). Ezxact asymptotics for Figure 7: Ezample 4(b). The asymptotes from
the case where L follows the Gamma distribu- Theorems[2.3 and[2.4] for the case where L fol-
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In particular, the availability periods A are exponentially distributed with parameter pu
while the data sizes L follow the Gamma distribution with parameters (\, k); the tail of the
Gamma distribution function is defined as AT'(k)™! [ e *2f~1dx = I'(Az,k)/T'(k) and,
therefore, the tail distribution of L can be approximated by F(x) ~ (\*=1/T'(k)) xF~1e=?* for
large x. We can easily verify that F(x) = f(u~'log G(z)~')G(x)®, where o = A/ and

f(z) = \Fnk) ! /0 h e (z/A + )1z

Hence, the slowly varying function in Theorems 2.3l and 2.4lis ¢(x) = 1/f(u "' logz). From the
preceding integral representation for f(x), it can be easily shown that £(z) ~ T'(k)a!' ¥ log! =" z,
which is indeed slowly varying, and F(z) = (o*~1/T'(k))log(G(x) ")~ 1G(2)*. We take A =
2,k =2 and p = 2 and run simulations for b = {2,3,4}. In Fig. [0, we demonstrate the results
using the approximation (2.6]). Interestingly, our analytic approximation works nicely even for
small values of n and b although the conditions in our theorems require n and b to be large.

In Fig. [7l we elaborate on the preceding example. To this end, we plot two asymptotes: (i)
the ‘Initial Asymptote’ corresponding to the power law asymptote provided by Theorem 2.3land
(ii) the ‘Tail Asymptote’ from Theorem 2.4 Combining the two, we derive the approximation
[26), as we have already shown in Fig. [l Hereby, we see from Fig. [7 that both asymptotes
are needed to approximate the entire distribution well, i.e., the ‘Initial Asymptote’ fits well
the first part of the distribution, whereas the ‘Tail Asymptote’ is inaccurate in the beginning
but works well for the tail. Recall that these two asymptotes differ only in the argument of
the slowly varying function £(-), which is equal to n for the ‘Initial Asymptote’ and G(b)~! for
the tail.

4 Proofs

In this section, we present the proofs of Theorems 2.1l and 23] as well as the remaining parts
of the proofs for Theorems and 241
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Proof: [of Theorem 2.I] Without loss of generality, we assume € < 1. We first observe that
for n > ng the assumption P[A > b] < 1/n'*¢ implies that b > by for some by; by can be made
arbitrarily large by increasing ng. Hence, the upper bound follows from Proposition 2.1

For the lower bound, we have

P[N, > n] =E[1 — G(Ly)]"
> E[(1 - G(Ly))"1(Ly > z0)]

> (1 — G(20))"P(b> L > xy),

since P(L < b) < 1. Now, by our assumption G(b) < 1/n'*¢ and the continuity of G(x), there
exists zg < b such that G(zg) = 2/n. Hence,

B[N, > n] > (1 - 3)" (o) - F (D))

where we use our main assumption G(z)*(1+¢/3) < F(w) < G(2)*(1=¢/3) and the inequality
1 — 2 > e 2 for small x. Now, by the assumption that G(b) < 1/n'*¢, we have

» 2 a(l+e/3) 1 a(l—e/3)

Next, observe that (1+€)(1 —¢/3) > (1 +¢/3), since € < 1, and thus,

29 1
—4 _
PNy, >n] >e <na(1+6/3) na(l—5/3)>
g 201 he
>e =

- no(l+e/3) na(l+e/3)’
where we set he = e”4(2% — 1) and by taking the logarithm, we obtain
log P[Ny, > n| > log he — a(1 4 €/3) log n.

Finally, since logn is increasing in n, we can choose ng such that for all n > ng, 2aelogn >
—3log he, i.e.,

log P[Ny > n] > —a(1 + €) log n.

Next, we prove Theorem 2.2]in the region where n = o(logn/G(b)).
Proof: [of Theorem 2.2] Here, we prove the result for nG(b) < dlogn, for n > ng, § > 0.
Note that the complementary part of the proof assumes any fixed § > 0, and thus we can set
d = 0 = ea/4. This assumption implies that b is large, say b > by, when n is large, and thus the
upper bound follows from Proposition 21l For the lower bound, it is sufficient to prove (24])
instead of (2.5]) since for b large enough, alogn < —nlog(l — G(b)) + alogn < a(1 + €) log n.
Without loss of generality, we may assume that e < 1/3. Therefore,

P[N, > n] = E[1 — G(Ly)]"
> E[(1 - G(Ly)"L(Ly > )]

> (1= G(z0))"P[b > L > ),

17



and since G(b) < §logn/n, by continuity of G(x), there exist zg, z1(zg < z1 < b), such that
G(z0) = 26logn/n and G(z1) = §logn/n. Hence,

26 logn

]P’[Nb>n]2<1— -

) [F(zo) — Fla1)]
> e~ 118 [Gwo)*0(G(w0) ") = Gla1) (G (1) Y],
where we use our main assumption and the inequality 1—z > e~2* for small z. Next, we observe

that for all g < = < 21, (1 — €)l(nlog™'n) < L(idnlog™tn) < (14 €)l(nlog™tn),i = 1,2.
Thus,

PN, > n] > n~% | (1 — e)t(nlog ™" n) <25logn>a (14 O(nlog-1n) <5logn>°‘}

n n
-, l(n/logn)d*log® n

2901 —€)* — (1+¢)%].

na
Next, since 6 = ea/4, we have

l(n/logn)d*log™n

P[Np > n] > n=% -
n

he,

where we set he = d4(2%(1 — €)* — (1 + €)*) > 0 since € < 1/3. Now, recalling the slowly
varying property of ¢(n) that ¢(n) > n~*, for large n, we have

he log®te) he
na(1+2¢) — po(l+2¢)’

P[N, > n] >

since logn > 1 for all n > 2.
And by taking the logarithm, we obtain

log P[Ny, > n| > log he — a1 4 2¢) log n

>
> —a(l + 3¢)logn,

since we can choose ng such that for all n > ng, aclogn > —logh.. Finally, dividing by
alogn >0, n > 1, yields

log PN,
W0gPINy > 1l (1 3),
alogn
which completes the proof after replacing e with €/3. O

Next, we present the proof of Theorem 23l This proof uses some of the ideas from the
proof of Theorem 2.1 in [9]. However, it is much more involved since one has to incorporate
the assumption nlP[A > b] < C, which ensures the power law body.

Proof: [of Theorem 23] Let ®(z) = ¢(x)z®. Then, ®(z) is regularly varying with index «
and, thus, for any ¢ > 0,

. P(ex)

lim

z—oo O(x)

=% < oo,

and, in particular, we can choose ¢ = e, which implies that there exists n. such that for
k
n/e® > ne,

®(n)

D(n/ek) < D, 1)
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Without loss of generality, we may assume that ®(.) is eventually absolutely continuous, strictly
monotone and locally bounded for z > 0 since we can always find an absolutely continuous
and strictly monotone function

" D(s)s™! > 1
O () o] ®(s)s™ds, x> (4.2)
0, 0<x<1,

which for x large enough satisfies
F(z)™ = @(G(x)™) ~ (G (x)™).
This implies that, for any 0 < e < 1 and x > xg, we have
18 (L+ OF(@)™) < Gla) < /27 (1 - 9F(@) ™). (43)

where @ (z) denotes the inverse function of ®*(-); note that the monotonicity of ®*(x), for all
x > 1, guarantees that its inverse exists. To simplify the notation in this proof, we shall use ®(-)
to denote ®*(-). Furthermore, ®* (-) is regularly varying with index 1/« (see Theorem 1.5.12
in [5]), implying that

1+e€
1—ce¢

v+~ )Ua (1 - ),

as z — oo. Therefore, for n. = n(e) = [(1+¢€)/(1 — €)]¥* and z large,
GE) <18 (14 0P @) ™) 1/ (1-9F@)") <nGla).  (44)

First, notice that the number of retransmissions is geometrically distributed given the
packet size Ly,

P[N, > n] = E[1 — G(Ly)]"

=E[l — G(Lp)]"L(Lp < o) + E[1 — G(Lp)]"L(Lp > z0). (4.5)
We begin with the lower bound. For H > C and xg as in ([4.5]), we choose x, > x( such
that ®((1 — €)F(x,)~!) = n/H, for n large, and thus,

P[Ny > n| = E[1 — G(Lp)]"
> E[(1 - G(Ly)"L(Ly > 2)]

- /b (1 R —;F(w)—l))n %?’

where we use our main assumption (Z.3]). Now, since F'(b) < 1 and using the continuity of
F(z) and change of variables z = n/® ((1 — ¢)F(z)~!), we obtain,

= z\n ¥ (n/z) (1 —en
PNy, > n| > / 1—— dz
N > n/@“((l—e)F(b)1)< ) P(n/z) 22

H 2\ ®'(n/z) (1 —e)n
= /nen@(b) (1 a E) D2(n/z) 22 4z

where we use that 1n.G(b) > 1/®((1 — €)F(b)~!) from (@4), which holds for b large, or
equivalently n large by our assumption nG(b) < C. Now, we consider two distinct cases:
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If nenG(b) < h, where h > 0 is a small constant, then
H

]P’[Nb>n]2(1—e)/h (1-%)"%%@
>(1- e)?ﬂﬁ /hH (1 - %)nza_ldz,

where we use the properties of regularly varying functions that for all h < z < H and large n,

®(n) _ /2,0

Sz 2 L9

and oz
'(n/2)/®(n/z) = —

for n > H [see [@Z)]. Next, using 1 —z > e~ 049)% for § > 0 and 0 < z < x5, for n large
enough (n > H/xzs5) we obtain

H
]P[Nb > n] > (1 o 6)3/2ﬁ/h e—(1+5)zza—1dz

(1 o 6)3/26_5H$ /H C_ZZa_le,
h

and by choosing § > 1/H so that e > (1 — ¢)'/2, we have

v

o H
P[Ny > n] > (1 — 6)2 / e 222 Lz

®(n)
a | rH h
> (1—e)?—— / e 222 dy — / e 72z
®(n) | Jnc) nG(b)

i

o H h
> (1—e)?—— / e 222 dy — / e 727 dz
(n) | Jnaw) 0

> (1-— 6)2L / e 222 dy — / e 720 dy — —
(n) nG(b) H «

> (1-— e)zi / e 2% Yz —2e g1 — h
(n) | Jnaw) e

i

i

o' - 2¢ - H1 + b /o
=(1—¢e)?*——T(nG(b 1-
(1= 0 g T nCi >,a>( R )
where the second to last inequality follows from the approximation for the incomplete gamma

function for large H [see Remark [Bl of Theorem 23] and the last inequality uses the assumption
nG(b) < C. Now, picking H,h such that 2e"H H~! + h%/a < '(C, o), yields

P[N, > n] > (1 — 3e)mr(né(b),a)
If h < nenG(b) < C, then
N e VR0
PNy, >n] > (1—¢) /mnG(b e S2(n)2) 2
. 6 —zza—l p
1 / nG(b) a2



which follows from the regularly varying properties in the region h/n. < nG(b) < z

the preceding integral, similarly as before, we have

H H nené(b)
/ ) e 7207y = / e_zza_ldz—/ e 7207z
nenG(b) nG(b) nG(b)

H nenG (b)
/ e 7227z —/ 22714z
nG(b) nG(b)

/ e 720 Mz — (n@(b))oLe —1
nG(b)

Y

(07

> / e 720 Mz — / e207 gy — colle 2 L
nG(b H o
> e 720 dy — 2e H o1 — AeC
nG(b) o
~ 2e T H1 + 4eC? )
=T b 1-—
(1G),) ),

< H. For

where we use the approximation for the incomplete gamma function for large H, that n¢ —1 —
4e as € — 0 and nG(b) < C. Now, letting H be such that 2e ¥ H¥"! + 4¢C%/a < \/eI'(C, a)

yields
PN, > n] > (1 —€)*(1 — e)
Finally, since G(b) < —log(1 — G(b)), we obtain

« —

P[Ny >n] > (1 —€)*(1 - ﬁ)mf(—nlog(l —G(b)), ),

which proves the lower bound after replacing (1 — €)?(1 — y/€) with 1 — e.
Next, we derive the upper bound. Note that for zy as in (£3)),
]P)[Nb > n] = E[l — G(Lb)]n
< (1 — @(mo))" + E[l — G(Lb)]n (Lb > xo)

<eG@) L (11— 1(Ly >
<e + e ((1 n E b l‘o
<

which follows from (£3]) and the elementary inequality 1 — x
max (C, 1), we obtain

PN < e G@) LR (11— _ 1(L
[b>n]_e + < Y ((1—|—€F )> (b>x0)
. 1
o 1) s
=€ (11 (11 O F(Ly)Y)
Hog(i/:neﬂ . /
+ e P |:ek < _ - < k+1:| + e~/ ne
b llon H] P ((1+ E)F(Lb) 1)

é[o—i—fl—i-fg—i-[g.
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(4.7)

e~ ®. Now, for any H >

(4.8)



First, we upper bound I; in (48], which equals

I 1 " n
8= 557, (- s=ararern) (smmearers <) @
Cge o qm 2yn_B(n) ®(n/2) n
~ ®(n)F(b) /n/qW((HE)F(b)l) ( n> ®(n/z) ®(n/z) 22 2%
1+e H _z\" _@(n) P'(n/z) n 8
I0NE0 /né(b)/ne <1 n> ®(n/z) ®(n/2) 2%
where we use the change of variables z = n/®* ((1 +¢)F(z)~!) and the absolute continuity of

F(z). For the last inequality, observe that 1/® ((1 + ¢)F(b)~1) > G(b)/n. from ([@4)). Now,

similarly as before, we consider two cases:
If nG(b) < nche < C, where he > 0 is a small constant, I; is upper bounded by

1+e€ /H z\" ®(n) ¥ (n/z)n < n >
L < ——-—-— 1—— —d +P = < he]. (4.9
S roe S, (0 a) w0 v 2 (@ 9P L)) )
Now, since ®(.) is absolutely continuous and regularly varying, it follows that for all he <
z < H,

<I>(n) 1/2 o
<
®(n/z) ~ SRR
for large n, and, by (@2,
'(n/z) oz
®(n/z) n’

forn > H.
Next, we compute the second term in (£9]) as

_ 1+e o P I1+e \dF(z) 1 _ 1+e€
¥ <F<L*’) < @(n/ha) <) <F( ) < @(n/ha) OREAC R R T
< 1+e < (1+¢€)2h2
~ F(b)®(n/h:) =  @(n)

which follows from the uniform distribution of F(L) and using ®(n)/®(n/h.) < (14 €)'/2h
for large n, along with F(b)~" < (1 + €)'/2. Now, observe that the first term in (Z3) is upper
bounded by

a(l +¢)? /H N ae1, _ a(l4€)? /H 2\ 4
—_ 1——) 2%de < ———% 1——=) 2% 'dz,
(n)  Jn, ( n) ®(n) nG(b)/m( n>

since nG(b) < hene. Also, for the integral we obtain

" n H n nG(b) .
/nGa»)/ne (1) === /nc<b> (1) et /nG(b)/m (1-5) ="z

n "é(b)
24" 1dz—|—/_ 227 1dz
G(b)/ne

)
)" 2l + (G ) (1 -7 fa
)

3
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|
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=
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—u/n
)

after observing that 1 — - — 4e as € — 0. Now, by changing the variables 1 — z/n = e
we have

a(l+¢)? /H Z\" 41 (14 ¢€)%5C% (1 +¢€)%h2
n<t L 1-2)" 20tz 4 + ‘
2 —nlog(1—H/n) 2 «a «a
< Oé(l + E) / u(l _ e—u/n)a—lna—le—u/ndu + (1 + E) (50 €+ he)
®(n)  Jonog1-G)) O (n)
2
S 1+€ / —uua—ldu+ (1+6) (5Ca6+h?)
—nlog(1-G(b)) @(n)
1 + €) / | [ 5C% + h‘j‘}
u du |1+ 4.10
log(1—G(b)) al'(2C, a) (4.10)
< (1 + 6) 1 ) / e—uuoa—ldu’
®(n) —nlog(1-G(b))

where, in the second inequality, we use e~%/" < 1, the inequality 1 — e @ < z, z > 0 and
extend the integral to infinity. Last, we pick e small, such that 5C% + h® < y/eal'(2C, a).
Note that the preceding equation along with (8] imply that I; > (1—e)al'(2nG(b), o)/ ®(n)
> (a/2)T'(2C, a)/®(n), for all n > ng and € < 1/2, by the inequality 1 — x > e=2% for x > 0
small, since by assumption nG(b) < C, i.e., G(b) is small.
If hene < n@(b) < C, we have

1+e€ H _z2\" _@(n) P'(n/z) n
h= F(b)®(n) /n(;(b)/m <1 n) ®(n/z) ®(n/z) 22

dz,

and, by the properties of regularly varying functions in the interval n/H < n/z < 1/G(b) <
n/he, for H > C, and using the same arguments as in (£10), we have

a(l +¢)? /H Z\" 41
< 1-2) o1y
CIJ(n) n@(b)/ne ( n>

a(l +¢)? /OO oy a1 [ 5C e }
< — e 2 dy |1+ ——
®(n)  Joniog1-cm) al'(2C, a)
Oé(l + 6)2(1 + \/E) / e—zza—ldz‘
B ®(n) —nlog(1—G(b))

Therefore, from both cases, it follows that for all n > ny,

a(l+e€) _
WF(—nlog(l —G(b)), ), (4.11)

after replacing (1 + €)2(1 + y/€) with 1 +e.
Next, we evaluate the second term in (48] as

I

IN

[log(n/ne)]

e k:leogHJ o [Ek = O ((1+ Z1)15(Lb)_1) : ekﬂ}
[log(n/ne)] n
= Z e P [(l—i-e)/q) <W> F(Lp) < (1+¢)/® (_k>]
k=|log H |
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[log(n/ne)] o [ _ 1+e€ dF(z)
< Z € /0 1 <F(a;) = CID(n/ek)> F(b)

k=|log H |

k 1+e
S P
—_ k b
R B DTIeED

which follows from the fact that the integral in the second inequality is equal to P[F (L) <
(14¢€)/® (n/e¥)]/F(b) and F(L) is uniform in [0, 1]. Thus,

1+e€ = _ek ®(n)
Ih < —— e —7_
FOae, &=, ¢ #njeh
1+e S —ek k(a+1)
< — e " e ,
F(b)®(n) k:UZOéHJ

where we make use of (A.J]). Since the preceding sum is finite, we obtain that for large H and
all n > ng,

I < %Il. (4.12)

Last, we observe that, for fixed x, it follows that for n > ng,

Ip+ I35 = e~ G (o) + e/ ne < -I. (4.13)

€
2
Finally, using (@.I1))-(@.I3]), we obtain for (@8] that for all n > nq,

o _
< 2_7 p(— —
PNy >n] < (1+¢€) (ID(n)P( nlog(l — G(b)), o),
which completes the proof after replacing (1 + ¢) with (1 + €)'/2. O

Proof: [of Theorem [2.4] Here, we complete the proof of Theorem 2.4} recall that o > 1.
Case (b): C < nG(b) < logn. In this region, for any fixed H > 5, we choose the smallest
m > 1 such that He™ — 4 > (a+ 2)logn/C, i.e., m = [log ((a +2)logn/C + 4) — log H].
Furthermore, it is important to note that this choice of m allows for He™G(b) to be small
enough, since He™G(b) < He™logn/n = O(log?n/n) — 0, as n — 0o, by the assumption that
nG(b) < logn. Then, by continuity of G(x), there exists zg such that G(x¢) = He™G(b) (larger
than xo in (ZI1) for by large enough) and using the elementary inequality 1 —x < e ™ z > 0,
we upper bound the expression in (Z.I1]) by

_ 1/2 HG(b) a—1 m—1 . Hek+1G(b) a—1
]P[Nb > ’I’L] < e_"G(xO) + M / (1 _ Z)nz dz + / e_nZZ dz
F(b) G(b) ((1/z) = Juerce) £(1/2)
< ¢ nGlxo) 4 a(l+ o] +_6)1/2 /HG(b) (1—2)"2*"dz
B F(b) L(1/G®)) Jaw)

= (1+€)l/2

T 2 W)

B HeFT1G(b)
(H6k+1G(b))a—1/ e~ 7
HekG(b)

where the last inequality follows from the monotonicity of 2! for & > 1 and the slowly varying
property of £(z), SUp(ycv))-1<2<1/Gb)) 0(1/G(b))/0(z) < (1 +€)Y/2, while for the second term,
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we have that Sup(H6k+1é(b))71SZS(Hek(‘;(b))fl 6(1/(616@(6))/6(2) < (1 + 6)1/2, k=0... (m - 1),
since He™G/(b) is small enough. Now, since /(x)/¢(z/e) < e for x large, it follows that

P[N, > n] < e H G(b)+W/éb (1—2)"2*"dz

m—1

a(l + 6) —nHeFG o a—
FOnt,60) 2 ke HE GO (e t1G (b))t

S Lt L+ (4.14)

Now, we derive a lower bound for I following similar arguments as in (2.I3]). Note that, for
x > 0 small enough, 1 — 2 > e~ 2%, and thus, for H large enough, we have

HG(b)

g(l/é(b))F(b) i a—1 — 2\dz
T = G (é@ (1—2)"d
> G(b)a—l (1 B é(b))n+1 B (1 B HGZb))TL—H
- n+1
Ayt (L= GO 1 - HG)\""
=GO T (1 - (%) )

(4.15)

where the expression in brackets is bounded from below by 1/2 as in (Z13).
Now, we prove that Iy/I; in ([4.14)) is negligible as n — oo. To this end, observe that

@<4nme%W@memn
I — a(l+¢€)  Gb)a—le—nGb)

where we use (£15]). Next, since a > 1, F(b) < 1, and using the slowly varying property that
¢(x) < z for large x, we obtain

Iy e—(Hem—4)nG(b)n

0wyl
I~ G~

and since nG(b) > C, we have

Iy e—(Hem—4)né(b) notl

<4 _
I (nG (b))~
< 4C—ae—(H6m—4)C’na+l

< 4C—ae—(a+2) log nna—l—l,

where the last inequality follows from the fact that m was chosen so that (He™ —4) > (a +
2)logn/C. Thus, the preceding expression can be rewritten as

Iy
0 <
L = Con

<¢/2, (4.16)

for all n > 8C'~%/e.
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Next, for the ratio I5/I; we proceed similarly as before

é B 42?:—01 eke—nHek@(b)(Hek—i-lé(b))a—l
I, G (b)o—Te—AnG(b)

<4 eke—(Hek —4)nG(b) (H6k+1)a—1

)

< A1 Z eke—(Hek—4)Cea(k+1)—k—1
k=0

< AfoLle—HC Z e B =) Cralk+1)-1 < €/2, (4.17)
k=0

where for the last inequality we use H > 5. Now, we further observe that the preceding sum
is finite and thus, letting H — oo, the above ratio converges to 0, i.e., Io < €l;/2 for large H.

Hence, since the upper bound for I from (2.I5]) holds in this case as well, by putting (4.10])
and ([AI7) together, we obtain for (4I4]) that for all n > ng,b > by,

L 1 log (1 - GE) o),

P[Ny > n] < F(b)n~l(1/G(b))

which completes the proof after replacing (1 + €) with (1 + )l/2,
Last, we prove the lower bound for nG(b) > C'; here, we do not need to distinguish two

cases. Thus, starting from (2I0) and proceeding with similar arguments as in the proof for
the upper bound, we obtain

b a‘ T a—1 g/~ T
BN > n) > =1 =917 [ (1= Gl )

HG(b) a—1
:(1_6)1/2/ (1—2)m oz tdz
ab) £(1/2)F(b)
04(1 o 6) /—(n+1) log (1—HG(b)) e—u(l . e—nLH)a—l
~FO)UL/G1)) J-(nt1)0g(1-G)) n+1

du,

where we use the slowly varying property of £(z) and pick zg < b such that G(zo) = HG(b).
Next, using the inequality 1 — e™® > (1 — §)z, for some § > 0 and all z > 0 small enough, we
have

Oé(l _ 6)(1 _ 5)a—1 —nlog(1—HG(b)) B uy a—1
P[Nb >n— 1] > - / e U= du
FO(1/GO)n ) _nog(1-aw)) <n)

a(l —¢)? G e “u*du
= F(b)n®t(1/G(b)) /—nlog(l_é(b)) d

a(l —e)? /°° —u a1 /oo a1
= = e “u* du — e “u* du
F(b)naé(l/G(b)) —nlog(l—@(b)) HnG(b)
A
=5 — I,

where, in the second inequality, we choose § > 0 small enough such that (1 —§)*1 > (1 —¢)
and that —nlog(1— HG (b)) > HnG(b). Next, we proceed with showing that I5/I; is negligible
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for large n. Note that —nlog(1—G(b)) < 2nG(b), which follows from the elementary inequality
e~2® <1 — g for all z > 0 small enough. Thus,

I f;zé(b) e”"u du

I~ Jomcipy €M u " du
- 2(HnG(b))>~ e~ HnG®)
(2nG(b))a—1le=2mG®)

where we use the approximation for the incomplete gamma function for large H [see Remark
of Theorem [2.3]. Now, using the main assumption nG(b) > C, we obtain

b gpate-ti-20 <

— —_

1

for H large enough. Then, using the preceding observation, we obtain

a(l — 3e) -

P[Ny > n] > I'(—nlog (1 — G(b)), ),

~ n(1/G(b))
which completes the proof after replacing e with €/3.

Now, if a < 1, the proof uses almost identical arguments coupled with the fact that «*~
is a decreasing function. We omit the details to avoid unnecessary repetitions. O

1

A A note on the uniform distribution of F'(L)

Here, we give a brief comment on the fact that F(L) is uniformly distributed if L is a continuous
random variable, i.e., F'(x) is absolutely continuous. This statement is immediate when F'(z)
is strictly increasing, e.g., Proposition 2.1 in Chapter 10 of [I7], since its inverse F< (x) is well
defined and F(F* (x)) = F (F(x)) = z, meaning that, for 0 <z <1,

P[F(L) < 2] = P[L < F*(z)] = F(F*(z)) = .

However, when F'(x) has flat intervals, F*~(x) is not uniquely determined, e.g., we may use
a standard generalized inverse: F'< (z) = inf{y : F'(y) > x}. Now, we still have F'(F* (z)) = z,
but F< (F(x)) # x, in general; the equality only holds if z is a point of increase for F'(x). But,
since F'(z) is absolutely continuous, we can exclude the flat regions of F'(x). Formally, the
derivative f(x) = F'(z) exists a.e.-Lebesgue, and where it does not, we can set f(z) = 0.
Furthermore, F(z) = [*_ f(u)du. Thus, since F* (z) is strictly increasing, for 0 <z < 1,

PIF(L) < a] = PIFT(F(L)) < F* ()]

— [P (W) < F@). () > 0dF () = FIL < P ()]

—00

since F(F* (u)) = u when f(u) > 0, implying that P[F(L) < z] = F(F* (z)) = «.
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